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INTRODUCTION TO PART IV. 


Part IV returns to a consideration of the atomic nature of matter, a topie which was 
introduced in the latter chapters of Part I, and carried further in Part III in the kinetic 
theory of gases. Now, however, with the material that has gone before, and the devel- 
opment of electrical forces in this part, we have the tools to look quantitatively at atomic 
structure. The wave kinematics from Part II and the particle mechanics from Part III 
are used to arrive at the modern wave-mechanical description of nature which is re- 
required for a detailed understanding of the world of the atom, a world in which *part- 
icles" (like electrons) often behave like waves, and waves (like light) frequently act like 
particles. The great concepts of mechanics, such as the laws of conservation of mo- 
mentum and energy, Still hold; but to explore the domain of the very small, we must 
enlarge our view. At the end of this volume we are in the realm of *modern" physics. 
We have arrived at the base on which current research in nuclear and solid-state 
physics is built. 


The course ends with a detailed description of the hydrogen atom. Some may wonder 
why we do not exploit our new knowledge and explore more complex atoms and molecules, 
why we do not return to a description of crystal structure, investigate atomic nuclei, 
mesons, strange particles ... the list could become quite long. It may be well to re- 
State one of the intents of the course. Rather than trying to give the student a general 
acquaintance with the myriad facets of physics, the course was designed to explore deeply 
a few of the most fundamental ideas of physics. Students will not learn “all about atoms” 
in Part IV. They should, however, have a good understanding of the fundamental rea- 
sons for believing that atoms exist, and an understanding of why the mere existence of 
atoms demands that the laws of physics be recast to include wave properties of particles 
and particle properties of waves. If they really understand this much, they will have 
gone far enough. Thorough exploration of more recent developments in physics re- 
quires considerable mathematical sophistication. On many points physicists are not 
really sure — not sure enough to be able to express their ideas simply. 


Before beginning the study of atoms, we must first explore quantitatively the subject 
of electricity, since electric forces are the glue which binds together the components of 
atoms and brings about the coalescence of large groups of individual atoms in matter as 
we commonly see it. Accordingly, the first chapters of Part IV deal with electricity 
and magnetism, but of a very special kind. We are concerned with the atomistic nature 
of electrical forces from the outset. The early chapters of Part IV have a dual role: 
exploring the electrical constituents of matter (hence developing ideas of the structure 
of atoms) and presenting a quantitative statement of the laws of electrical forces. 


The approach to electricity is fundamental. While this approach provides a power- 
ful base for the analysis of electrical devices, electrical technology is not developed as 
atopic. In directing our attention to the properties of atoms, a study of complicated 
electrical circuits like those involved in radio and television is a digression. Even 
such an old standby as Ohm's law is considered in perspective, simply as a useful rela- 
tion which holds under special circumstances for some special types of circuits, certainly 
not as the law of electricity. ; 


SUMMARY OF PART IV 

The volume divides naturally into two halves. The first half, Chapters 27-31, develops 
static and magnetic electrical forces. Chapters 27-29 deal with the electrical inter- 
actions between elementary charged particles, ending with the concept of an electric 
circuit. Chapters 30 and 31 are concerned with the magnetic fields of currents and with 
electromagnetic induction, culminating in a description of electromagnetic waves. 
Chapters 32-34 explore the world of the atom, probing into the structure of atoms and 
the question of the quantum nature of light. The content of the individual chapters is 
summarized below. 


Chapter 27, Some Qualitative Facts About Electricity, lays a foundation for a particle 
view of electricity that is basic to an understanding of the atom. The chapter begins with 
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electrostatics but quickly goes beyond electrostatics by getting into the movement of 
charges during charging by contact and by induction, and in weak currents. The 
electroscope and electrometer are introduced as measuring instruments. The picture 
of electricity as subatomic particles is filled out through an investigation of the trans- 
port of charge in different media: gases, solutions and metals. 


In Chapter 28, Coulomb's Law and the Elementary Electric Charge, electrostatic 
forces are given quantitative meaning through the experiments which lead to Coulomb's 


law. F = kQq/ r, These relationships make it possible to give a general description of 
the pattern of the electrostatic field surrounding simple arrangements of charges. The 
atomistic nature of electrical charge is disclosed through a quantitative discussion of a 
variant of Millikan's famous oil drop experiment. The force constant in Coulomb's law 
is established through scaling up the Millikan-type experiment. Finally, we note that 
charge is conserved in the universe, and that all *elementary" particles known have a 
charge * 1, -1, or 0 electrical charges. 


Chapter 29, Energy and Motion of Charges in Electric Fields, begins in Part A, 
Moving Charged Partioles, by extending the results and apparatus of the Millikan experi- 
ment of the previous chapter to a determination of the energy of an electric particle ac- 
celerated between charged parallel plates. A time-of-flight experiment is described for 
measuring the masses of the proton and electron. Currents and ionic charges are discus- 
sed in preparation for the introduction of batteries as sources of energy. The electro- 
motive force, or EMF, ofa battery is defined. The general idea of a potential difference 


and the potential in the field of a point charge is developed. Finally volts and amperes 
are introduced as units. 


Part B of Chapter 29, More about Energy and Currents in Electric Circuits, is pri- 
marily concerned with the analysis of simple circuits. In this analysis the ideas of 
electrical energy are used extensively. Ohm’s law is introduced as a special, though 


important, case describing the relation between voltage across a circuit element and the 
current in that element. 


In Chapter 30, The Magnetic Field, magnetism is explored quantitatively, starting 
with the familiar compass needle. Magnetic fields associated with magnets and currents, 
and the vector nature of a field are examined in text and laboratory. We then derive the 
magnetic field associated with a steady current. The force on currents in magnetic fields 
is investigated, applying the results to a consideration of meters and motors, a calculation 
of the force between parallel wires, and the motion of a charged body in a magnetic field. 


This leads to a description of a mass Spectrographic method for determining the masses 
of atomic particles. 


lators. Finally, noting the Symmetry between 
magnetic fields, we show that energy can be p 


Chapter 32, Exploring the Atom begins a study of the structu i 
: ) , re of the atom. Usi 
high-energy alpha-particles in scattering experiments, we probe the structure of gold" 
atoms, arriving at the Rutherford model of the atom. The trajectories of charged part- 
icles scattered by a Coulomb field are calculated and compared with the observed angular 
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distributions of the alpha particles. We find that Coulomb's law holds to distances as 


small as 190714 meters. Scattering experiments with other elements disclose the number 
of elementary charges contained in various nuclei and the approximate size of the nucleus. 
Finally, we note some fundamental difficulties with the Rutherford model of the atom, 
since observations of atomic Spectra and atomic stability do not fit the model according 

to the classical electromagnetic theory. 


Chapter 33, Photons and Matter Waves, introduces evidence that light and matter show 
both wave and particle properties. Evidence for the "grainy" nature of light comes from 
Millikan's experiment, and Taylor's experiment suggests that interference patterns may 
result from the cumulative effect of many tiny impulses of light. The photo-electric 
effect is investigated in detail and Einstein's analysis of this phenomenon is discussed. 
We conclude that a photon of frequency v has an energy hv and a momentum hv/c. The 
momentum relation is verified by study of the Compton effect. We next note the “wavy” 
character of moving matter, as evidenced by electron diffraction experiments, and con- 
clude that a particle with a momentum p has a wavelength - h/p, according to the 
de Broglie relation. We then look for the situations in which the wave aspects will be 
important, finding for example that wave behavior should be important for electrons 
inside of atoms. 


Chapter 34, Quantum Systems and the Structure of Atoms, applies the discussion of 
matter waves specifically to the structure of the atom. Analysis of the Franck-Hertz 
experiment shows the existence of discrete energy levels in atoms. The existence of 
internal energy states is further confirmed by analyzing emission and absorption spectra. 
The hydrogen spectrum is examined in some detail. Finding that energy levels can be 
pictured in terms of standing wave patterns brings us to a point where both wave and 
particle characteristics are essential to a description of the structure of a simple atom. 


RELATED MATERIAL FOR PART IV 

Laboratory For the first four chapters of Part IV, laboratory experiments play 
the same fundamental role as in the development of the preceding three parts of the course. 
For the last four chapters, the laboratory plays a less prominent part because significant 
laboratory experiments would be much more complex than is desirable at the high school 
level. Some of this lack can be offset by reference to at least two experiments of Part I: 
I-7, The Spectra of the Elements, and I-8, Molecular Layers. If either or both of these 
experiments were not done earlier, they should be included in Part IV. The yellow pages 
contain suggestions on handling the laboratory experiments. 


Demonstrations Demonstrations should play a greater part in the classroom work of 
Part IV than in any part of the previous work. Suggestions are included in the yellow 
pages and at various points in the white pages of this Guide. 


Films The PSSC films intended for use with Part IV are listed below with the chapters 
to which they relate. They show a number of essential experiments that are otherwise 
too difficult to perform in school. Individual films are discussed at more length at ap- 
propriate points in the Guide. 


Chapter 28, Coulomb's Law and the Elementary Electric Charge. 
Coulomb's Law; 31 min. 
Millikan Experiment; 30 min. 
Coulomb's Force Constant; 35 min. 
Electric Fields; 25 min. 
Electric Lines of Force (lab film); 7 min. 


Chapter 29, Energy and Motion of Charges in Electric Fields 
Counting Electrical Charges in Motion; 23 min. 
Elementary Charges and Transfer of Kinetic Energy; 33 min. 


Chapter 30, The Magnetic Field. 
A Magnet Laboratory; 22 min. 
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Chapter 30, The Magnetic Field (continued). 
Electrons in a Uniform Magnetic Field; 11 min. 
Mass of the Electron; 18 min. À 


Chapter 32, Exploring the Atom. 
Rutherford Atom; 40 min. 


Chapter 33, Photons and Matter Waves 
Photons; 18 min. 
Interference of Photons; 13 min. 


Chapter 34, Quantum Systems and the Structure of Atoms. 
Franck-Hertz Experiment; 25 min. 


As of March, 1961, PSSC films are in preparation on electromagnetic induction, the 
electromagnetic spectrum and the photo-electric effect. 


Science Study Series Currently available titles which are related to Part IV include: 
Accelerators, R. R. Wilson and R. Littauer. 
Horns, Strings and Harmony, A. H. Benade. 
The Neutron Story, D. J. Hughes. 
Magnets, F. Bitter. 
The Physics of Television, D. G. Fink and D. Lutyens. 
The Restless Atom, A. Romer. 
The Universe at Large, H. Bondi. 


SCHEDULING PART IV 


Many teachers are likely to have more difficulty Scheduling Part IV than other parts 
ofthe course. This will usually be due to the fact that this is the last part of the course, 
and the semester will be running out. All the delays have accumulated, and now many 
will be faced with a fascinating bit of subject matter and a limited amount of time. The 


following table suggests possible 15 and 9-week schedules. Suggestions for possible 
variations of these schedules follow the table. 


15 Week schedule oe woek schedule 
for Part IV Part IV 
Class Lab à Class Lab ; 
Chapter Periods | Periods Exp't Periods| Periods Vu 


* IV-12 can be done at any convenient 
of the course. 7 time during the latter weeks 
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Part IV has been written so as to permit a certain amount of flexibility in'scheduling. 
Historically, and practically, the mass measurements on atomic particles have been 
made with a combination of electric and magnetic fields (Sections 30-9). However, the 
text introduces time-of-flight measurements of mass (Section 29-2) in order to invest- 
igate these fundamental atomic quantities without needing to study the magnetic field. 
This, then, makes it possible to delete all of Chapters 30 and 31, although in this case 
Section 31-12 should be assigned as reading. 


Another part of the course which can be skipped if necessary is Chapter 29 part B. 
This deals with circuits, and its deletion will not seriously interfere with the under- 
standing of atoms. If you choose to delete Chapter 29 B and study Chapters 30 and 31 
you must pick problems in these latter chapters with care, since many of them involve 
circuit concepts. 


There are certain sections scattered through Part IV which can be skipped or given 
minimum treatment to save time without serious loss of continuity. These are in- 
dicated by bracketing in the individual chapter schedules. 


In summary, the major time saving may be accomplished by skipping immediately 
from the end of Chapter 29 A to Section 31-12. This, plus skipping a few other brack- 
eted sections can cut the time required for Part IV to a minimum of about 6 weeks. 


If schedule disaster has overtaken you, it might be possible to get by with a good 
class by: a) Reading Chapter 27; b) Studying 28-1, 2; c) Showing the Millikan Oil 
Drop film; d) Studying 28-7, 29-1,2, 29-7, 31-12; e) Going on to Chapters 32, 33 
and 34. We hope you dont need this drastic advice! 


b 
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Chapter 27 — Some Qualitative Facts About Electricity 


This chapter divides naturally into two halves: 1) an introduction to electrical 
phenomena which shows that there are two kinds of charge, and how these charges can 
be produced and detected; and 2) a qualitative investigation of the charge carriers in 
gases, solutions and metals, leading to the conclusion that charge is carried in nature 
by subatomic electrical particles. 


Chapter 27 is an introductory chapter. Most of the topics in the chapter could be 
expanded considerably. Indeed, infollowing chapters, many of them are. Thus, while 
it is important to ensure that students understand the chapter, it will be well to stay at 
the level presented and avoid extensions in depth and quantification. If you have time 
for extensions, it can be used more profitably on the work that follows. 


The chapter lays a foundation for a particle view of electricity that is basic to an 
understanding of the atom. While the chapter begins with electrostatics, it quickly goes 
beyond classical electrostatics by getting into the movement of charges. Thus, elec- 
tric currents are introduced early. Current is developed as the motion of electrical 
particles rather than the ‘‘fluid’’ of Benjamin Franklin's day or even the later ideas 
of Faraday and Maxwell. 

The student should begin to see electricity as a subatomic phenomenon — the ions 
as a kind of atomic fragment, and the electron as one of the building blocks of matter. 
He should see that electrons are common to all kinds of substances, and that electrons 
are all alike in that the chemical composition of a substance does not change when 
electrons are transferred from one substance to another (as in thermionic emission). 


CHAPTER SUMMARY 
Sections 1- T. These sections deal with charge separation, the forces between charges, 


and the detection of charges. 


Objects may be electrically charged by rubbing them together. There is a force 
of repulsion between like charges, and attraction between unlike charges. A model 
is proposed which pictures electrically-neutral matter as containing equal numbers 
of positive and negative charges, and charged bodies as containing an excess of one 
sign of charge. 


Charges move freely in some bodies (conductors) but not in others (insulators). 
A simple electroscope is introduced as a charge detector. Charges can be separated 
through electrostatic induction. Through induction, a force of attraction develops 
between a charged body and a neutral body, whether it be a conductor or an insulator. 
Electroscopes can be shielded, made more sensitive, and calibrated. The battery is 
introduced as a chemical mechanism for separating charges. 


Sections 8-13. The remainder of the chapter fills out the picture of electricity as 


subatomic particles through a description of the transport of charge in different media: 
gases, solutions and metals. 


Gases, which are ordinarily good insulators, may be made conducting by exposure 
to ionizing radiation. This leads to the conclusion that while a molecule is neutral, 
its parts are charged (or can be). A cloud chamber is described briefly as a device 
that permits us to ‘‘see’’ the paths of charged particles. Some solutions do not need 
an outside ionizing agent to become conductors — ions seem to be formed by a spontaneous 
breakup of the molecules of the dissolved substance. 


Conduction in metals is another case of charge transport. In conducting metals, 
the charge carriers must be free to move inside the metal, but since they don't ordin- 
arily fly away from the conducting material, we get a picture of the charge carriers 
in metals as a sort of contained electron gas. Through thermionic emission we see 
which particles are in motion and can be boiled out. 


Knowledge of thermionic emission and the forces between like and unlike charges 
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enables us to introduce the essentials of the vacuum tube and cathode-ray oscilloscope. 
The principles of these devices will be used in later chapters. 


COMMENT 


One of the reasons that the movement of both positive and negative charge carriers 
is introduced in this chapter is to facilitate seeing electric current as not limited to 
the motion of electrons. This general approach to electric current — the transport of 
charge in matter, not just in metals — contributes to visualizing and understanding 
definitions that come later [Chapter 29, Section 7, where electric field is defined as 
force (and electric potential difference is defined as work done) on a unit positive 
charge]. In the world of gases, liquids and semi-conductors, as well as conducting 
metals, this is the way things are. Both positive and negative charges move in gases 
and solutions, the negative charges move in conducting metals, and the positive holes 
move in some semi-conductors. 


SCHEDULING CHAPTER 27 


Sections 1- 6 make a reasonable single reading assignment. Such an assignment might 
well be preceded by performing Experiments IV-1 and IV-2. Both experiments can be 
handled in a single laboratory period. Or, class discussion of these sections could 

be developed around these experiments whether they are performed by the students in 
laboratory, or presented as demonstrations. See pages D-1 and D-2 of the yellow pages 
for additional demonstrations. Some HDL problems should be assigned in the course 

of work on these sections. Class discussion of a few problems such as 8, 14, 16, or 

17, should be helpful. Problem 17 is especially recommended. Depending on whether 
the laboratory work is done by students or presented as demonstrations, from 2-3 
periods will e needed to cover these sections. 


Sections 7-10, together with a few more problems on the earlier work, might constitute 
a second assignment for this chapter. Class discussion of this assignment might in- 
clude demonstrations such as the discharge of an electroscope through a high resis- 
tance, the transfer of charge by an ionized gas, and tracks in a cloud chamber (see 

D-2, 3 and 4 of the yellow pages). 


Sections 11-13 comprise another possible reading assignment. A demonstration of 


the conductivity of liquids (page D-5 of the yellow pages) might be worked into a dis- 
cussion of these sections. 


The following table suggests possible schedules for this chapter, consistent with the 
Schedules outlined in the volume summary section. Sections which can be deempha- 
sized or abbreviated without loss of continuity are enclosed with brackets IT: 


15-week schedule 
for Part IV 


E es | 


RELATED MATERIALS FOR CHAPTER 27 


Laboratory Experiment IV-1, Electrified Objects, 
wool and cotton to investigate qualitatively the charact 


may be done at home, or if your students have had 
them with the behavior of charge zi 


uses plastic strips rubbed with 
eristics of static charges. It 
er courses which familiarized 
d objects, the experiment may be done as a demon- 
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stration. Assigning this experiment to be done at home is probably the simplest way 
to get it done at the optimum time — before getting into Chapter 27. 


Experiment IV-2, Electrostatic Induction, familiarizes students with charge sepa- 
ration and conduction resulting from induction. Desirably, this experiment should be 
scheduled with Section 5. 


See the yellow pages for suggestions on these experiments. The discussion of 
experiments and demonstrations includes suggestions on handling static electricity 
experiments under conditions of high humidity. 


Home, Desk and Lab Most of the problems for this chapter are qualitative. The 
most instructive problems are indicated by an asterisk(*). Those particularly suited 
for class discussion and those which are home:projects are indicated. Answers to 


problems are given in the green pages. 


Demonstrations If your schedule allows time, good demonstrations of electrostatic 
phenomena are desirable for this chapter. The presentation and discussion of demon- 
strations onthe work of this chapter should focus on the qualitative nature of the effects 
observed — the existence and movement of charges and the forces between charges. 
Quantitative work will come later. 


Suggestions for demonstrations are given in the yellow pages, pages D-1 to D-10. 
The demonstrations with the electroscope and the cloud chamber are particularly 
recommended. Construction notes for demonstration and laboratory apparatus for 
this chapter are included in the yellow pages where appropriate. 


The PSSC laboratory film ‘‘Cloud Chamber'' by Alexander Joseph of the Bronx 
Community College demonstrates how to build a simple cloud chamber similar to that 
described in the yellow pages. The film runs 6 minutes. 


Section 1— Attraction and Repulsion Between Electrified Objects 
Section 2 — Electric Forces Between the Building Blocks of Matter 


PURPOSE 1. To show that there are two kinds of electric charge. 
2. To study qualitatively the forces that act between charged bodies. 
3. To show that the forces between charged bodies can be understood 
in terms of charged particles in atoms. 


EMPHASIS See suggestions on scheduling, page 27-2. Sections 1-6 make a reasonable 
single reading assignment which can be developed in 2-3 days of laboratory and dis- 
cussion, or demonstration and discussion, together with some problem discussion. 


DEVELOPMENT The ideas of these first two sections are entirely qualitative. They 
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rest upon the development of a simple model from straightforward observations. Many 
teachers have found that a session which is a blend of laboratory work and discussion 
is an effective way to handle this kind of material. If you have time for experiment 
IV-1, do it before starting this section. 


COMMENT The introductory paragraphs before Section 1 introduce the idea that 
electric forces are of great magnitude. This will be important later to an understand- 
ing of atomic structure. You may not want to emphasize the relatively huge magnitude 
of the electrical forces at this point, but you should do it sometime during the first 
two chapters. The first paragraph states that ‘‘Sometimes other forces appear which 
are enormously greater'' (than gravitational forces). In our everyday (macroscopic) 
experience, we only occasionally notice examples where electrical forces are greater 
than gravitational ones. The reason for this is simply that gravitational mass is the 
**eharge'' associated with gravitational force and, here on the earth, we are very near 
a huge ‘‘gravitational charge’’, the earth itself. Thus the forces between ourselves 
and the earth are large. However, the gravitational attraction between ordinary-sized 
objects 1s trivial compared to the electric forces that can be developed between them. 
Even further, on a microscopic scale, consider the forces between subatomic particles. 
If all the positive and negative charges in a pinhead could be Shoved to opposite sides 


of the pinhead, the force of attraction between them would be about 10!" tons — truly 
enormous. The nearly exact equality of positive and negative charges in most matter 
makes these potentially tremendous forces seem quite small. Quantitative statements 


must be left for later, but the electrical forces must not be treated as if they were 
weak and relatively unimportant. 


* * * 


The text uses the traditional glass rod rubbed with silk to get a positive charge. 
Plastic rods are now easier to obtain than the traditional hard rubber, so the text 
` uses them, rubbed with a piece of fur, as a source of negative charge. 


* * * 


Some student might ask why like charges don 
only answer is that they don't. With gravitational forces, however, all masses attract. 
While no one has ever seen a type of mass that repels, we sometimes Speculate about 
the possibility of its existence. Presumably such ‘‘unlike’’ masses would be repelled 
by mass as we know it, Another Possibility might be a kind of inconsistency, for 
example, A repels B; A repels C; but B attracts C. It happens that nature is kind in 
this regard. All this is just to emphasize that it is an 


experimental fact that all ch es 
can be separated into two classes called positive and negative. There is no logic Bar 
says things have to be that way; they just are. 


't attract and unlike ones repel. The 


Section 3 — Insulators and Conductors 


PURPOSE To introduce the idea that electric 
not. po renin See charge flows readily in some materials, 


CONTENT a. A metal and a glass rod diff, in 
oin flow BON aes er in the degree to Which electric charge 


b. The difference can be ascribed to the fact that in met 
move, and that in glass they are not. RDUM are uis 


c. Metal and similar materials are called conductors: 
are called insulators. $ 


DEVELOPMENT In the course of laboratory work or demons 

" tration, 
Shown in Figure 27-4 of the text can be performed and analyzed. Ghee 
Such as a paper tube, or a wood dowel can be tried. 


glass and materials like it 
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COMMENT The students have all they need from this section when they realize that 
charged particles are free to move in some materials, while in other materials they 


are not free to move. 
* * * 


(You will not want to go into the following in detail, but it may be worth mention- 
ing in passing.) Like most categorical definitions, the classification of all materials 
into either conductors or non-conductors is an over-simplification. Metals are better 
conductors than anything else by many orders of magnitude. Some materials like 
polystyrene are such good insulators that they will hold a charge placed on them for 
months. 


Some materials, such as germanium and silicon (from which transistors are made), 
and copper oxide are much better conductors than plastics but much poorer than metals. 
They are often called semiconductors. Salt solutions are poor conductors, but many 
orders of magnitude better than plastics. Gases are sometimes nearly perfect insula- 
tors, and sometimes nearly as good conductors as metals, depending on the degree of 


ionization. 
Conductivities in amperes per volt-meter: 

6 
Silver 61.4 X ng Potala 
Steel 5X10 
Carbon 2.8 X 104 a case by itself 
CuO 190? semiconductor 
Bakelite jy 
Glass 10:57 

-1g f Plastics. 
Rubber 10 
Polystyrene 1971? 

* * * 


The mechanisms for conduction are quite complicated. We believe that electrons 
move about in metals, but a quantitative treatment of just how easily they move is 
difficult. Semiconductors are even more complicated. Ionized solutions and gases 
are treated later. In general, class discussion of these mechanisms should not be 
undertaken at this time. The principal mechanisms are treated briefly in the last 
Sections of this chapter (Sections 9, 11, 12). 


Section 4 — Some Experiments With an Electroscope 
Section 5 — Electrostatic Induction 
Section 6 — Improved Electroscopes and Electrometers 


PURPOSE 1. To introduce the electroscope as an instrument which can be used to 
detect the presence and sign of an electric charge. 
2. To introduce the idea that electric charge can be moved by induction 


as well as by direct contact. 
3. To show that induction phenomena can be understood in terms of the 


simple model of charged particles within atoms. 
4. To show how the electroscope can be refined to make it usable for 


accurate quantitative measurements. 
EMPHASIS The important new phenomenon to be understood in these sections is that 
of electrostatic induction. The techniques of electroscopes are quite simple and in- 
volve principles which have already been presented. 
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DEVELOPMENT In addition to performing laboratory experiment IV-2, one of the 
best ways to handle this material is to demonstrate various instances of charging by 
conduction and induction, and ask the students for a step-by-step analysis of the effects 
in terms of changes in the distribution of charges and the consequent forces. Another 
alternative is class discussion of such problems as numbers 7, 8, 16, and 17. 


COMMENT The text points out that the attractive force between a charged body and a 
neutral conductor is somewhat larger than the force between a charged body and a 
neutral insulator. This is not important enough to warrant full class discussion, but 
in case it stimulates questions, here is the picture. 


The difference is not large, and for certain insulators may be almost undetectable. 
How this can be when the charges are perfectly free to move in a conductor and com- 
pletely unable to move any large distance in an insulator may seem paradoxical. 


Without excessive mathematical detail, only a qualitative answer to this paradox 
can be given. Consider a long conductor near a positively charged body as at (a). 
The positive charge attracts negative charge toward the near end as shown. Even though 


(a) 
the charges are perfectly free to move on the conductor, 
build up on the end of the conductor nearest the positive c 
the negative charges repel one another and cannot comple 
fact, the negative charge on the end of the rod can never 
than the attracting positive charge. The charge induced 
limited by other factors than how easily it can move in t 


Consider the insulator at (b), made up 


of neutral atoms (rather large!) When a 

positive charge is placed near it as at (c). 

the negative charges in all the atoms are 

displaced ever so slightly toward the posi- C C E) 

tive charge. C) E 
(b) 


the negative charge that can 
harge is limited because 

tely bunch up at one end. In 
build up to a magnitude greater 
on a conductor, then, is 

he conductor. 


The net result is a neutral region in the 
center and a net negative charge at the end 
closest to the external positive charge. 
Taare e a net positive charge at the opposite 
end. easy way to see the effective charg- 
ns se two ends of the bar is to regroup F DE © © © +) 

e adjacent + and - charge pairs, o 
those closest to the Sui er in (d). pev SITS e 
we see that one of the end surfaces is pre- (c) 
dominantly positive, the other negative. In 
between, all charges are neutrally paired. r—4 ++} 
Thus the ‘‘dielectric polarization” of the en- 
tire rod is equivalent to a migration of 


charges from one end to the other 
in the case of a conductor. 
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* * * 


The metal case of an electrosco 


pe performs two principal function 
mewhat related. The first is that of shielding. A charge completely eae by 


Aa 
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“a conducting case can have no forces exerted on it by charges outside the case. This 


shielding is perfect if the case completely surrounds the charge, but it is very good 
even if rather large openings are left in the case. Even if charges are placed on the 
case the force on a charge inside remains zero. 


The text points out that perfect shielding depends on the inverse r law presented 
in the next chapter. A proof of this is not difficult, but if it is developed, might be 
more appropriate in connection with Chapter 28 than at this point. A proof is given in 
Appendix 1 of this volume of the Guide. A proof is also given in the PSSC film, 
**Coulomb's Law”. 


The second function of the metal case is to increase the reproducibility of measure- 
ments made with the electroscope. As long as charges from rubbed rods and combs 
are being detected, no great gain is made with a metal case. But if charges are to be 
placed on the electroscope with a battery, then there must be something to which each 
end of the battery can be connected. In principle, one battery lead could be connected 
to the electroscope and the other to the earth, but then the reading would vary with the 
distance of the leaves from the earth. The metal case provides a constant reference 
point to which the other end of the battery can be connected, thus making the readings 
reproducible. 


Section 7 — Batteries 
Section 8— Electric Currents 


PURPOSE To introduce the battery as a device which will separate charges by chemical 
means. To point out that when the terminals of a battery are connected through an 
external circuit, the charge separation function of the battery results in an electric 
current, i.e. the flow of charge around the circuit. 


EMPHASIS See suggestions on scheduling, p 27-2. Very little classroom discussion 
is required, and little should be allowed. Extended discussion is almost gure to be a 
digression. 


COMMENT Since a battery is a very complicated device, it is probably not wise to 
attémpt a detailed explanation of the mechanism by which it works. It should simply 
be explained as a device which transfers negative charge from its positive to its nega- 
tive terminal. (Actually positive charges may also be moving within the battery.) , 
The battery continues this transfer of charge until the repulsion between the accumu- 
lated charge on the terminals and any additional charge of the same sign, counteracts 
the chemicalforces. Then the process stops. If some process, external to the 
battery, removes negative charge from one terminal and places it back on the other 
terminal, the battery will keep on transferring charge untii it runs down. 


The students should be brought to understand that the battery does not produce charge. 


It simply moves it. At no time does the battery accumulate a net charge. With 
batteries, the words ‘‘charge”’ and **discharge'' are unfortunate since they seem to 
imply the storing of charge within a battery. What is stored is chemical energy which 
can be used to do work, i.e. move charge even against the electric forces tending to 
rccombine positive and negative charges. After the students have studied the next 
chapter it might be well to emphasize this point with the following: A typical 100 
ampere-hour automobile battery will transfer 100 X 60 X 60 = 360,000 coulombs during 
one discharge. The force between two 360,000-coulomb charges placed a foot apart 


would be roughly 1915 tons. Surely that net ‘‘charge’’ was never in the battery. You 
wouldn't dare comb your hair near it, or put two ‘‘charged’’ batteries anywhere near 


each other! 
* * * 
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Often students wish to know how fast charges flow. Each case is a complicated ^m 
problem in itself, but a few order of magnitude statements can be made. The rm ua. 
charges usually move very slowly; drifting along in a typical electrical circuit at a “4a 
centimeters per second or less (see Section 29-13 C). On the other hand, al [^ 
charge rearrange themselves on conductors very rapidly, a good order of evo Ei 
estimate being with the speed of light. If a charge were put on one end of a n" r 
from, say, a piece of fur, that amount of charge would be distributed more or and 
evenly along the rod in the time it takes light to travel the length of the rod, cede mes 
somewhat longer (perhaps 100 times as long), never less. Now the individual charges 
from the fur do not travel along the metal with this speed. One of the original charges 
pushes a like charge in the metal which in turn pushes its neighbor so that the electrical 
effect travels with a speed which approximates that of light. 


One way of clarifying this point is to present the example of an open stand pipe full 
of water, with a closed valve at its bottom end, as shown. 


water level 


———— 


9] water supply line 


When the valve is opened, water begins to overflow the top of the pipe. From the 
rate of overflow and size of pipe, we can calculate the speed of flow in the pipe: 


Teume = (area of pipe) X (speed of flow). 


valve 


We may now ask the question, ‘‘How long a time lapse is there between the instant 
that the faucet is opened and the instant when water overflows the pipe?’’ If the stand- 
pipe was initially empty, the answer is Simple: 


.. length of pipe 
time lapse speed of flow ' 


if the pipe was initially full. There is a time lag 
beginning of the overflow. The lapsed time is the time 
travel from the faucet to the open end. This time is 
gth of the pipe and the speed of sound through water. 


A different answer is obtained 
between opening the valve and the 
required for the pressure wave to 
determined essentially by the len 


In the case of the flow of 


already ‘‘full of charges” (free electrons). Thus when new charges are fed in one end, 
other charges flow out the other end almost 


order of the speed of light. No single charge moves nearl that fast, a typical ‘‘drift 
speed" being about 0.02 cm./sec. à ART 


Section 9 — Conductivity of Gases; Ionization 

Section 10 — The Cloud Chamber 

Section 11 — Conductivity of Solutions 

Section 12 — Electrons in Metals 

Section 13 — Diodes, Electron Guns, 
Cathode-Ray Oscilloscopes 


PURPOSE To discuss briefly the mechanisms of charge transport (electric current) 
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in gases, liquids, and solids and to present briefly the evidence for these mechanisms. 
The aim in presenting these sections is not to provide an encyclopedic coverage of 
electrical conduction but to make it clear that there are many ways in which electric 
charge can move in addition to conduction in metals, that there are various, charge 
carriers and conducting mechanisms, and to further familiarize students with the 
atomistic picture of electricity. 


EMPHASIS See suggestions on scheduling, page27-2. These sections will stimulate 

as much discussion as you wish to devote to them, but keep an eye on your time 
Schedule. Limiting your development to the material presented in the text will provide 
enough depth to prepare students for the material which is to come. Probably the 
most important material for future reference is the evidence presented in Section 12 
for charge transport in metals by relatively free electrons. 


CONTENT AND COMMENT The principal function of Sections 9, 11, and 12 is to back 
the earlier assertion that charge can be pictured in terms of subatomic particles. 
Sections 10 and 13 introduce some of the devices that will be employed later. 


In Section 9 the transport of charge in gases is discussed. This transport occurs 
only when the gas is ionized and this means that there are atoms or parts of molecules 
some of which are positive and some negative (these are the ions). Atomic structure 
will, or course, be much more thoroughly developed in later chapters. 


Section 10 is, in a sense, a footnote which indicates how the paths of charged 
particles in gases can be ‘‘seen’’. The mechanism of a cloud chamber is not particu- 
larly important. The section is probably best handled as a kind of commentary 
accompanying a demonstration. If your laboratory equipment does not include a cloud 
chamber, perhaps some of your students will be interested in building a simple one as 
an out-of-class activity. Instructions are on page D-4 of the yellow pages. These 
instructions are paralleled by a PSSC laboratory film on building a cloud chamber. 


Section 11 develops the idea that the carriers of current in liquids are also ions. 
It is pointed out that metals may be electroplated out of solution, verifying this idea. 
A background in chemistry would be helpful to the teacher in carrying on a class 
discussion about this material. We can hear the question: Why doesn't sodium plate 
out of sodium chloride solution the way that copper plates out of copper sulphate 
Solution? (A first suitable answer: Sodium metal reacts with the water as fast as it is 
formed to make hydrogen gas and sodium hydroxide, but copper metal doesn't react 
with the water.) 


Section 12 develops a picture of conduction in metals as due to charged particles 
which are free to move internally. Thermionic emission shows that it is the negative 
particles that are free to move. The section introduces the idea that the negative 
particles, the electrons, are the same in all materials since the transfer of electrons 
from one metal to another does not alter the chemical composition of either metal. 


The devices introduced in Section 13 do not require extensive development, but 
Should be understood at the level presented since they provide some of the basic 
mechanisms used in many of the experiments which are analyzed in later chapters. 
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Chapter 27 — Some Qualitative Facts About Electricity 
For Home, Desk and Lab — Answers to Problems 


The following table ciassifies problems according to their estimated leyel of diffi- 
culty and the sections with which they are intended to be used. Those which are espe- 
cially suited to class discussion and those which are home projects are indicated. 
Problems which are particularly recommended are marked with an asterisk (5. 


SHORT ANSWERS 


1. a) Wool is charged. : 12. Current is proportional to the rate 
b) Test with electroscope. at which copper is deposited. 
2. Prevents spark when tanks are open 13. Decreases. Electrons repelled by 
by providing a conducting path for negative grid. 
charges that may exist. —10 
14. a) 3nX 10 newtons. 


3. See discussion on page 27-12. 


4 
x art: h 
4. a) Charge flows through the metal ` b). 2x10" particles 


rod and the body. t- x19 19 
b) Insulate rod from body. FOE ELA ae We Downs. 
= - - 0. 
5. Home project. See discussion on n PM 
page 27-13. 16. See discussion on page 27-21. 
See discussion on page 27-14. 17. See discussion on page 27-22. 


7. a) Center block is positive. 
End blocks are negative. 
b) Negative charges attracted to 


? both ends. 
| 8. Home or class experiment. See 
| 


discussion on page 27-15. 
9. See discussion on page 27-16. 


10. A home project. See discussion on 
page 27-16. 


11. a) Both positive and negative charges 
are discharged. 
b) Heating makes air conductive. 
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PROBLEM 1 Suppose that you have electrified a plastic rod 
by rubbing it with wool, 
(a) Do you expect the wool to become 
charged? 
(b) How could you find out if it does? 


If this problem is assigned and discussed before the electroscope (Section 4) is 


studied, solution (2) is appropriate. If the problem is handled after the electroscope 
is understood, solution (1) is also appropriate. 


1) (a When an object is charged by friction, electric charges of one sign are trans- 
ferred from one to the other of the rubbed objects. Thus one body is left with an excess, 
and the other object with a deficiency, of one kind of charge. If the plastic rod has be- 
come electrified by rubbing it with wool, then the wool has become electrified by rubbing 
it with the plastic rod. The charge on the wool is opposite to that on the rod. (b) If 
an electroscope is charged with the rod, then the leaves will tend to collapse as the 


wool is brought near the knob, because the wool contains the opposite charge. 


2) An alternative procedure would be to put the 
on a light silk or plastic thread. The rod will be 
presence of a charge. 


plastic rod in an insulated sling hung 
attracted to the wool, indicating the 


PROBLEM 2 In filling the gasoline tank of an airplane, the 
metal nozzle of the hose is always carefully con- 
nected to the metal of the airplane by a wire 
before the nozzle is inserted in the tank. Be 
prepared to explain why this procedure is 
followed, and to describe how it accomplishes 
its purpose. 

Since the plane and the gasoline truck usually have rubber 
insulated from the ground. Moreover the service ramps are 
asphalt, and are not necessarily good conductors to the earth. 
grounding chains, the plane and truck could remain charged. A 


"tired wheels, they are 
usually concrete and/or 
Therefore, in spite of 
spark could jump when 


The connection with the wire insures that 
any charge unbalance will be removed before the tanks are opened. A spark when the 


tanks are open might ignite the explosive mixture of gasoline and air. 


When the gasoline flows, it is possible for the stream of liquid to become charged 
by friction with the nozzle. The charged gasoline would go into the plane and charge it 


oppositely to the nozzle. Unless a good conducting path is provided so the charges on 
the plane and nozzle could recombine, a spark coul 


PROBLEM 3 (a) When you touch a metal object like a door 
handle on a dry winter day, you are likely to see 
a spark and feel a definite shock. We usually 
explain this by saying that we have built up a 
static charge. How could you tell the sign of the 
charge you are Carrying? Why does this not — 
happen on a humid day in the summer? 

(b) If you accumulate a static charge and then 
touch the wooden frame of a door, you often 
find no spark or shock — although there would 
be if you touched the metal handle. Why? 

(c) Sometimes, if you touch the wooden frame 
and then touch the metal handle, there is no 
spark or shock in either case — although there 


would have been if you had touched the handle 
first. est an explanation. 


The electroscope 
ure of the charge 


d result — with disastrous consequences. 
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Charge a plastic rod with wool. By the convention described in Section 1, this 
charge is negative. If, when the plastic rod is brought near the knob of the electroscope, 
the leaves diverge even more, the charge on the electroscope is the same as on the 
plastic. This is negative, so you were charged negatively. If the leaves collapse, the 
electroscope charge is the opposite of the charge on the plastic. In this case you were 
charged positively. \ 


If, instead of plastic and wool, glass and silk were used, the glass rod becomes 
positive, and the analysis above is reversed. 


The build-up of charge can occur when a substance is well insulated from its 
surroundings. In humid weather an insulator may become a conductor through its sur- 
face dirt being hygroscopic and picking up moisture from the air. Thus, it becomes a 
quasi-conductor allowing the charge to leak away as fast as it builds up. Some auto- 
mobile ignition failures in damp weather are traceable to this cause. The insulating 
porcelain of the spark plugs accumulates a film of dirt which is a better conductor when 
damp than when dry. This allows an appreciable proportion of the spark to ‘‘leak’’ 
across the surface of the plug instead of discharging across the gap. 


b) When you are the bearer of a sizeable charge and touch a metal object, the 
transfer of charge is the spark. Because metal is a conductor, the charge can dis- 
tribute itself quickly throughout the conductor. 


When an insulator is touched, the charge is unable to flow through or over it. Hence, 
little charge can be transferred and there is no spark. 


c) Sometimes the insulator is not perfect and is really simply a very poor conductor. 
At the instant the wood is touched, the insulator does not accept charge fast enough to 
cause a spark; yet the contact may last long enough to allow the charge to flow slowly 
away from you. When you subsequently touch the door handle there is no spark because 
there is no charge left on you to be transferred. 


PROBLEM 4 (a) Why can’t you electrify a metal rod by rub- 
bing it while holding it in your hand? 
(b) What could you do to electrify a metal 
rod? 

Both the human body and the metal rod conduct electricity. When you-attempt to 
charge a metal rod by rubbing it with a piece of silk or wool, the charge flows along 
the rod through your hand and your body until it is very close to the silk or wool in 
your other hand. : 


If the metal rod were held with an insulating piece of plastic film, it could be 
charged. The flow of charge (current) through your body would be interrupted by the 
plastic insulator. 


PROBLEM 5 A short project: Charge a plastic coat hanger 
and suspend it by a light string. 
(a) Find out whether the charge is positive or 
negative. ~ 
(b) What happens when you bring your finger 
near the charged hanger? 
(c) How do you explain your result in (b)? 


This experiment is a simple one for the student to perform. The questions are 
designed to clarify the nature of induced charges. 


3) The sign of the charge on the coat hanger can be determined in the same way as 
.in Problem 3. Charge a piece of glass by rubbing it with silk and then bring it near 
the coat hanger. The charge on the glass is positive. If the coat hanger is repelled 

by the charged glass, then the coat hanger also carries a positive charge. One must 
use care because inductive effects may mask out the effect of the true charge. For 

example, suppose the total charge on the coat hanger is close to zero. Then the coat 
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hanger will probably be attracted both to positively and negatively charged rods. If 
this is the case then all one can conclude is that the charge is zero or small. 


b) and c) When you bring your finger close to a charged coat hanger, the charge on the 


coat hanger will attract the opposite Sign of charge toward it. Since your body is à 
fair conductor, charge will flow in it and your finger will become oppositely charged 
to the coat hanger. The rest of your body may then bear the same charge as the 


hanger. However your finger is nearer the hanger than other parts of your body so 

the hanger will be attracted toward your finger. 

PROBLEM 6 (a) Describe the steps you would follow to 

charge an electroscope positively by induction, 
(b) Using labeled sketches, describe the move- 


ment of negative electric. particles during the 
charging process. 


The first step is,to obtain a negatively charged object. If you rub a plastic rod 
with fur, the rod will become negative. 


When a negative object is brought near o: 
an electroscope, negative charge is repelled Wu 
from the knob, leaving the knob positive, 

This negative charge is pushed toward the 
leaves of the electroscope causing them to 
diverge. 1f the negative object is now re- 
moved, the chargés on the electroscope re- 
distribute evenly, and the leaves collapse. 


Ww 

To prevent this recombination of the SSO os 
charges, we make the electroscope part 
of a much larger conductor (usually a wire 
_ to the earth, or even “you” to the earth) by iy es 
touching the knob. The negative charges 
get as far away from the negatively charged 
object as possible, consistent with other 
forces. That is, they flow down the wire to 
the-earth. Students may wonder why the 
negative charges don’t go to the leaves as Š earth 
before. There is some tendency for them X 
to go to the leaves, but many more of them Sed. P 
will go to the much larger earth. 


The wire is removed — or you take your 
finger off the knob- while the negative object 
is in place. The positive charges are trapped 
and the negative object can be removed, earth 
leaving the electroscope positively charged. 
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PROBLEM 7 Three metal blocks in contact are resting on a 
plastic table top. You place two objects with 
strong positive charges, one at each end of the 
line of blocks, close to but not touching the 
blocks. You then poke the blocks apart with 
an insulating (uncharged) rod, while the objects 
with strong positive charges are near by. Finaily 
you remove the two positively charged objects. 

(a) What charge is now on each block? 

(b) Explain how the biocks acquired these 
charges by describing thé motion of negative 
particles. 


Top View 
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DIE F 

tle eerie 9 |+ 
+ 


‘Top View 


a) As shown in the above diagrams, when the three blocks are separated, the 
two. outer blocks will have negative charges and the middle block will have a positive 
charge. 5 


b) The combination of three blocks in contact is presumed to be electrically neutral 


‘at the outset. The two positively charged bodies cause a redistribution of charge. In 


metals, it is the negative charge that is free to wander, so the middle block loses 
negative charge to the two outer blocks. Thus, when the blocks are separated, the 
middle one is left with a net positive charge. A return to the neutral distribution is 
prevented by the insulating properties of air and the table top. If the air is ionized 

or if the table top is slightly conducting, there would be a gradual drift back to neutrality. 


(Initially the forces due to the two positive charges do not cancel each other at all 
points, because the force due to each decreases with increasing distance. The exact 
relation, Coulomb's law, is discussed in the next chapter.) 1 


PROBLEM 8 As a project you can make a device called an 
electrophorus. You will need an old phono- 
graph record and a metal plate somewhat 
smaller than the record. Attach an insulating 
handle at right angles to the plate. A small ~ 
aluminum pan (an empty frozen-pie container) 
with a candle stuck to it will do. 

Charge the record by rubbing it with wool. 
Place the pan on the record and ground the pan 
momentarily with your finger. Then remove the 
pan and use it to charge an electroscope. What 
charge does the pan have? What charge does 
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the record have? To charge another pan in the 
same way, would you have to recharge the elec- 
trophorus? 


This is a good problem for class demonstration and discussion. 


The electrophorus is an elegant and simple device for charging a metal plate by 
induction. The sequence of operations, (1) placing plate on charged record (2) momen- 
tarily touching plate (3) removing plate from record, is what is meant by ‘‘charging by 
induction’. The negative charge on the record causes a physical separation of charge 
on the adjacent metal plate. Positive charge is predominantly on the side near the 
record. Negative charge is pushed away from the record to the opposite side of the 
plate. When you touch the plate in step (2) a further separation of charge is possible. 
Negative charge is pushed to the earth, and when the contact is broken, a net excess 
of positive charge remains on the plate. 


The usefulness of the electrophorus is not pointed out in the statement of the prob- 
lem. The device saves a great deal of rubbing because once the plastic record is 
charged it remains charged for a long time, and the aluminum plate can be recharged 
from it over and over again. Students may wonder why the plastic record does not lose 
its charge as the metal plate is repeatedly charged. In the first place the metal plate 
acquited a positive charge while the plastic record is negatively charged, so the record 
is obviously not just sharing its charge with the plate. In the second place, the record 
is an insulator and has a rough surface. The roughness keeps the metal plate from 
touching any but a few high points of the record. These points lose their charge on 


contact, but the rest of the plastic surface keeps its charge because it is an excellent 
insulator. 


In step (2), charge runs for a brief instant through you to ground. Even though you 
continue to maintain contact, no further charge runs off the plate. It is only when you 
‘have done work by removing the charged plate from the plastic record in step (3) that 
the excess of charge onthe plate is made free to flow to other objects like the electro- 


scope. Before step (3) is carried out, the excess of charge on the plate is held by the 
charge of opposite sign on the plastic. 


To charge another metal plate you would not have to recharge the plastic record. 


As pointed out above, the plastic record does not lose its charge in the 
charging the metal plate. r cue 


PROBLEM 9 Before the invention of the magnetic telegraph, 
numerous schemes were proposed for long- 
distance signaling over wires, using electric re- 


pulsion or attraction. Suggest a simple arrange- 
mént for such communication. 


This is an easy problem if all that is required is to make so 
me kind of 
invention. The difficulty for the student would be in trying to understand the Wa 


for the impractibility of such a scheme. This problem might be discussed in class 
The basis for such a scheme is found in the se 
quence of pictures, a, b and 
paced 27-4 of the text. In this ‘‘invention’’ the conducting bar supported on the uer 
8 drawn out into a long wire supported on many glass insulators on poles something 
like a telephone line. The sender is at A and the receiver is at B. Signals are sent by 
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moving the charged rod closer to the wire. They are received by noting that the charged 
ball swings away from the wire when the ‘‘sending’’ rod is close to the wire. A code 
consisting of ‘‘dots’’ and ‘‘dashes’’ can be used. The distinction between ''dots"' and 
“dashes” can be the length of time that the sending rod remains close to the wire. 


The point that we have not yet discussed is the limitation on the length of the wire. 
As the wire is made longer and longer it will be found that larger and larger charges 
must be placed on the insulated rod at A in order to produce a detectable signal at B. 
In order to understand this, consider the distribution of charge along wires of various 


wire 
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lengths. If the charged rod carries a charge *Q, the induced negative charge at the 
end of the wire near the rod is nearly independent of the length of the wire. As the 
wire becomes longer, the net positive charge on the more distant parts of the wire will 
be distributed along the wire more sparsely. Because of this, the ‘‘signal’’ strength 
that is received will vary inversely with the length of the wire. A wire 1000 feet long 
will transmit a signal only about 1/1000 of that which would be received over a one 
foot length. Signals of this type are none too big even at one foot; as the distance is 
increased, they soon become prohibitively small. (You cannot arbitrarily increase 
the charge on the rod. There soon comes a point at which charge leaks off as fast as 
you can put it on.) The same kind of argument applies to a charge sharing method. 1f, 
instead of transmitting an induced signal, you try to charge and discharge the line, you 
find that the rate of charge transfer needed to transmit a series of signals is large com- 
pared to that required by the electromagnetic system of an ordinary telegraph circuit. 
There are other factors that we have neglected (the leakage at each pole insulator, 
for example). 
PROBLEM 10 A project: Doan experiment to find out whether 

Scotch tape will discharge an electroscope. If 

you find some sign of conduction, try cutting the 

tape to half width, and repeat the test. Also try 

using twice the length. 


This 1s a straightforward experiment to demonstrate qualitatively the elementary 
properties of conducting material. 


Fresh, sealed, Scotch cellophane tape may be non-conducting for this experiment, 
but if itis handled, the sticky side picks up enough moisture to become conducting. 
Slightly used másking or drafting tape will also conduct. There may be some problem 
in ensuring that the tape is uniformly conducting. One must choose a length such that it 
is possible to observe the time difference for the charge to leak through the narrow and 
the wide tape. 


The two basic ideas are these: (a) the conduction is increased if the width of the strip 
is increased. (Two identical strips connected from the electroscope to ground will conduct 
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away the charge twice as fast as will one strip.) (b) The conduction is decreased if the 
length of the material is increased. (A strip twice as long takes about twice as long 2 
time to conduct away the charge; it has twice the “resistance”? to current flow.) 


Those of you. students who are radio hams will recognize that the basic facts demon- 
strated here lead to the laws for computing the resistance of parallel and series connection 
of resistors. ; 


PROBLEM 11 A project: (a) Charge an electroscope and 
bring a lighted match near the knob. What do 
you observe? Does it make any difference 
whether you have a positive or negative charge 
on the electroscope? 
(b) Hold a match far enough from the knob 
so the electroscope does not discharge. What 
happens when you fan the heated air very gently 
toward the knob? How do you explain this 
result? Is the discharge the diréct effect of heat- 
ing the knob, or does heating make the air con- 
ducting? 
b 
a) The gas just above a flame is rich in ions of both signs. These ions will exist 
for a short time before recombining to form electrically neutral units. The charged 
electroscope knob, whether charged positively or negatively, attracts the ions of 
opposite sign and these ions discharge the electroscope. The residual ions of the 
opposite sign go to the ground (or to the case of the electroscope). 


b) This experiment shows that, in part (a), the heating of the knob did not discharge 
the electroscope. The ions can be transported from the flame to the region near the 
knob, and they are still effective in discharging the electroscope. However, if too 
much time elapses, recombination of the oppositely charged ions may deplete the con- 
centration of ions to the point where the discharge rate becomes negligibly small. 


PROBLEM 12 We have seen that electric charge will flow 
through certain solutions, such as copper sul- 
fate in water. In this case there is a deposit of 
copper built up on the negative electrode. Re- 
call the explanation given for this in Section 
27-11, and think how this process might be 
used as a current-measuring device. Be: pre- 
pared to discuss your ideas in class. 


The solution to this problem involves the assumption that an ion of copper, in 
Solution, always has the same charge. However, even without detailed knowledge about 
ion formation, it can be argued that, on the average, a certain mass of copper is as- 
-sociated with a corresponding ionic charge. Since the number of individual ions in- 
volved is very large, deviations from the average value will be negligible. 


This relationship could be written: 


charge carried — constant X mass deposited. 
Then it follows that 


charge carried per second = constant X mass deposited per second. 


Thus the electric current flowing during the process of electrolysis is proportional 
to the rate of deposition of copper on the negative electrode. We could therefore use 
an electrolytic cell as a current measuring device by putting it in an electric circuit, 


then measuring the mass of copper, M, deposited during.a time interval, T. The 
electric current that was flowing can be labeled, M/T. 
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PROBLEM 13 Section 27-13 is concerned with a simple type of 
radio tube called a diode. A. triode is similar, 
but it has a second cylinder of open wire mesh 
between the filament and the plate [Fig. 27-31 
(a)]. Suppose first that the wire mesh (or "grid") 
is connected to the earth so that the grid remains 
uncharged. Then we connect a battery [Fig. 
27-31 (b)] so that there is a negative charge on 
the grid. Compare the currents in the “B” 
battery circuit in these two cases. 


to ground 


lt 


This problem introduces the idea of a control grid to vary the current flow in a 
vacuum tube. 


If the transparency of the grid (the ratio of the area of openings to the area of solid 
wire) is high, then the ‘‘B’’ battery current should be little different from the current 
when no grid is there at all. = 


If the grid is charged negatively, the ‘‘B’’ battery current will decrease. Charge 
is-transported via the thermionic current of negative electrons. These electrons will 
be repelled by a negatively charged grid. If the grid is sufficiently negative, this re- 
pulsion will overbalance the effect of the attractive force stemming from the positive 
plate. In this case, the ''B" battery current will go to zero. For weaker grid charges, 
the electrons will be slowed down in their journey to the plate. This will result in a 
crowding-up effect in the space near the cathode. The negative ‘‘space-charge’’ thus 
accumulated inhibits (through its repulsive force) the thermal emission of new electrons, 
resulting in a reduced ‘‘B’’ battery current. 


PROBLEM 14 Suppose we have a large number of identical 
particles. Any two of them at 10 cm separation 
repel with a force of 3 X 107? newtons. 

(a) If one of them is at 10 cm from a group 
of n others, how strongly do you expect it to be 
repelled? 

(b) Suppose you measure the repulsion and 
find itis 6 x 10-5 newtons; how many particles 
were there in the group? 
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We assume that the dimensions of the particles are negligible in comparison with 
10cm. Thus the n particles can be considered to be collected at a single point 10 cm 
from the one particle in question. 


(See Footnote) 
a) Therefore the force is n times the single force, or 


F=nX3X 10-0 newtons. 


b) X = 6X10 © newtons, then 


-6 
+, = oxi 22X 104 particles. 
3x10 3X10 


[Some student might point out that it is possible to consider a group of n particles 
distributed around the circumference of a circle of 10 cm radius and these particles 
are then all 10 em from a particle at the center. The stipulations of the problem are 
still satisfied but now the answer to part (a) can have any value from zero (the particles 


n= 


-1 
evenly distributed about the circumference) to 3n X 10 ) newtons (the particles 
clumped together on one side of the circle).] 


PROBLEM 15 Suppose we have a large number of positive and 
negative. electric particles, all exactly the same 
(except for sign). This means that any pair of 
them either attract or repel depending on their 
signs, but the magnitude of the force between 
them is the same as long as the separation dis- 
tance is the same. For example, the force be- 
tween any two of them at 10 cm is 3 x 107? 
newtons. 

A single positive particle is 10 cm from a group 
containing P positive particles and M negative 
particles. 

(a) How strongly will it be repeiled? You are 
unable to count the particles, but you measure 
the force and find it is 6 X 10-5 newtons. What 
does this tell you about P and M? 


(See footnote) 


a) We again assume that the dimensions of the particles are small with respect to 
10cm. The group of particles then can be considered to be at a single point 10cm 
from the given positive particle. In this case the forces all lie along the line joining 


the group with the given particle. The vector addition of the forces becomes merely 
algebraic addition. 
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Note on Problems 14 and 15: 


Problems 14 and 15 require, for their solutions, the assumption that charge is a 
linearly additive quantity. This assumption is explicitly mentioned in the Second para- 
graph of Section 27-2. The question of its validity will not be thoroughly discussed until 
the next chapter. However, if a student questions this point, his attitude of cautious doubt 
should be encouraged rather than discouraged. i 


When the point is raised in Chapter 28, it migbt be interesting to return to these 
problems and to point out that an assumption had been made without experimental proof. 
If students then feel that no justification is required, you might point out that in the 
case of the force between bar magnets, the net force depends not only on the number of 
magnets but also on their relative orientations. 
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The repulsive force is 3 P X 19 20 newtons. 


The attractive force is 3M X 10719 newtons. 


The net repulsive force is (3 P - 3M) X 10:5 newtons. 


b) If P is less than M, the force is attractive. Ifthe net force is measured as 
6x10 9 newtons, then we have 


0 6 


-6X10 , or 


P-M-2x10* 


This single measurement permits only a determination of the difference between 
P and M. We are unable to determine anything about the value of P or M separately. 


3(P- M x10 


PROBLEM 16 We think the earth has a slight electric charge. 
How would you go about testing for it? 


The difficulty of this problem stems from the fact that the charge is slight. If one 
scaled up the static electricity experiments in which charged conductors bristle with 
dust and lint particles, or charged fur shows each hair standing up erect and distinct, 
then, given sufficient charge on the earth, one would expect to notice this same effect. 
Dry hay and straw would tend to stand instead of lie in the fields, dropped hairpins and 
needles or lengths of wire would tend to stand up instead of lying flat on the ground. 


Since the charge is ''slight", then the effect is ‘‘slight’. Actually, none of the 
above effects is observed. Can we say that since no effect is observed, there is no 
charge on the earth? No. The only conclusion we can reach is that this class of ob- 
servations is too insensitive to detect whatever effect there might be. We can build 
more sensitive detectors. One possibility would be a needle mounted on a fine bearing 
so that it is free to rotate in a vertical plane. If the needle has been carefully balanced 
while inside a metallic box, no torque will act on it when it is taken out of the box un- 
less the earth has a charge. If the earth does have a charge, the needle will tend to 
line up vertically. One of the difficulties involved in the measurement of a small charge 
is that unless one uses extreme care it is easy to mask out the effect, or create a 
false effect larger than the true one. 


Here is another alternative. For this, we would like to have a piece of equipment 
which enables us to amplify whatever effect there may be. One method of doing this is 
to put two conductors in contact, one above the other, so that if the earth does have a 
charge, they will be charged by induction. Next, separate them and transport one of 
them to the interior of an open can. When a charged object is placed inside a closed 
conductor and contact is made, instead of charge sharing, all the charge originally on 
the inner conductor will flow to the outer one. Through repeating the experiment, 'the 
hollow conductor is caused to serve as a charge accumulator or amplifier. The figure 
below may help clarify this method of detection. Our open can is not a perfect closed 
shell, but it will serve the purpose, and you can think of simple, convincing demon- 
Strations that you can use in class. 


do o e 8 ek 


+++ Ce ipl ear plates a ut 
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PROBLEM 17 In the following experiment changes or motions 
of electric charge occur. An oblong horizontal 
conductor A (Fig. 27-32) is supported on an in- 
sulating stand 4’. A conducting ball B hung on 
an insulating thread carries a strong negative 
charge. 4 is uncharged. 

(1) B is then brought near A. 

(2) A wire then connects A to an enormous 
conducting object situated outside the laboratory 
(e.g. a wet oak tree). 

(3) The conducting wire is removed. 

(4) B is taken away. 

(5) The conducting wire is again touched 
to A. 

(a) Suppose that only negative particles are 
movable in the conductors (and neither negative 
nor positive in insulators) and say what charges 
move where in each of the stages of the experi- 
ment described. 

(b) Now suppose the conductors are made of 
some material in which only positive particles 
can move (there are some, but they are special). 
Repeat the explanation asked for in (a), in full 
detail. 

(c) Now suppose that the conductors have 
both positive and negative particles that move 

* freely (which is what you would have if the con- 
ductors were blocks of insulator painted with 
brine). Repeat the explanation asked for in (a), 
in full detail. 


This problem is useful for class discussion because it demonstrates that electrical 
phenomena can be understood in terms of the motions of charges of either sign. For 
any given effect involving moving charges, the motions of one sign of charge would be 
the opposite of the motions of the other sign. 


The large conducting object can be considered to be the earth. We will both say 
and show in drawings where the charges move. 


Assuming only negative charges move, the presence of B near A causes negative 
charges on A to be pushed to the end away 
from B. The negative charge on B is 
attracted by the remaining nearby positive 
charge on A, so B is attracted to A. 


The connection of A through W with the 
earth allows an even greater separation of 
the negative charge. Thus there is a momen- 
tary flow of negative charge through W to 
the earth. B is now attracted to A even 
more strongly. 


No further motion of charge occurs, but 
A has a deficiency of negative (or an excess 
of positive) charge. 


With B taken away, A remains positively 
charged. 


When W is connected to A, negative 
charge flows to A,neutralizing the bound 
positive charges, and resulting in a return 
to the uncharged state shown in the first 
figure. 


b) If the negative charges are bound, and the positive ones are free to move, the 
initial configuration is the same as in the first figure. 


The presence of B near A causes the 
positive charge on A to be attracted to positions 
as close as possible to B. B, being negatively 
charged, is attracted by the nearby posi- 
tive charge on A, so B is deflected 


The connection of A through W with the 
earth allows an even greater concentration 
of positive charge on A. There is a momen- 
tary flow of positive charge from the earth 
through W to A. Since there is now more 
net positive charge on A, B is attracted more 
Strongly to A. 


No further motion of charge occurs but 
A has an excess of positive charge (or a 
deficiency of negative charge). 


B has been taken away. The charge on 
A is unchanged. 
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When W is connected to A the positive 
charge on A, by self repulsion, runs off A. 
The flow of positive charge results in neutrali- 
zation of the bound negative charge, and a 
return to the uncharged state shown in the 
first figure. 


c) When both signs of charges are free to move, the initial configuration is again 
the same as in the first figure. 


The presence of B near A causes the A 
negative charge on A to be repelled,and _- lk eee B 
the positive charge on A to be attracted to -—— + =k 


positions as close as possible to B. The 
negative charge on B is attracted by the 
nearby positive charge on A, so B is deflected. 


The connection of A through W with the 
earth allows greater separation of the nega- 
tive charge, resulting in greater concentra- 
tion of positive charge on A. Thus there is 
a momentary flow of negative charge through 
W to the earth and, simultaneously, an 
opposite momentary flow of positive charge 
from the earth through W to A. Since A now 
has less hegative charge and more positive 
charge, B is attracted more strongly toward A. 


When W is disconnected, no further 
motion of either sign of charge occurs, but 
A has a deficiency of negative and an excess 
of positive charge. 


B hag been taken away. A remains 
positively charged. +4 A 


When W is connected to A the negative 
charge travels to A from earth, and the 
positive charge runs out of A through W to 
the earth, until there is complete interming- 
ling of positive and negative charges — a 
complete neutralization and a return to the 
uncharged state shown in the first figure. 


(Note that both signs of charge being free to move does not mean that the net charge 
on A will be larger at any stage of the series of manipulations. Whether one sign only 
can move, or both signs, makes very little difference. In either case motion will con- 
tinue until an equilibrium of forces is reached. Thus the initial charge on B and the 
geometry of each configuration are the only parameters that determine the net charge 
motion on A.) 
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Chapter 28 — Coulomb's Law and the Elementary Electric Charge 


Chapter 28 puts electrostatics on a quantitative footing. Through a discussion of 
the Coulomb experiment leading to Coulomb's law and a discussion of charge sharing 
and the forces between charges, the idea of charge is made quantitative. The exis- 
tence of a natural unit of electric charge is established through analysis of a Millikan 
**oil drop*' experiment. A large-scale version of this experiment then enables us to 
determine the electric force between two elementary charges. This is equivalent to 
determining k in Coulomb's law. This makes it possible to measure ordinary sized 
charges in terms of the number of elementary electric charges. Finally, the chapter 
discusses experiments leading to the determination of the number of elementary elec- 
tric charges on particles such as the electron, alpha particle and proton. Fields are 
introduced at a qualitative, descriptive level. The sections of this chapter may be 
grouped in four units. 


CHAPTER SUMMARY 


Sections 1-3 describe Coulomb's experiment showing that the force between two point 


charges varies directly as the product of the charges, and inversely as the square of 


the distance separating them, F = kQg/ ru Section 3 introduces the vector addition of 
forces from several charges and includes an introductory concept of the electric field 
around a group of charges as the pattern of forces on a movable charge at various 
points in space. 


Sections 4 and 5 describe the Millikan ‘‘oil drop’’ experiment in detail, showing the 


effects of the electrical force, the gravitational force and air friction on the motion of 


small charged particles. We find that small charged bodies in the electric microbalance 
move only at certain definite speeds which bear whole-number ratios to one another, 
never at intermediate speeds. Thus they are subject to electrical forces which are 
simple multiples of a smallest unit force. It follows that electric charge exists only in 
multiples of a naturally-occuring smallest unit of charge. This natural unit is called 
the elementary charge. f 


Sections 6 and 7 show how the force between two elementary charges can be determined 


through a combination of a Coulomb experiment and a large-scale Millikan experiment. 
This provides the constant k in Coulomb's law. This constant is the force between two 
elementary charges at a separation of one meter. To place the electrical force in the 
natural scale of things, it is pointed out that the electrical force between two elementary 


charges is 1936 times greater than the gravitational force between two hydrogen atoms. 
Section 6 also points out that, when a battery is connected between two conducting plates, 
the strength of the electric force on a charge between the plates varies inversely with 
the separation of the plates and directly with the number of batteries connected in series. 


Sections 8 and 9 note that charge is conserved in nature, since any charge lost by one 


body is gained by another. Experiments are described which demonstrate that the elec- 
tron carries a single elementary charge and the alpha particle two elementary charges. 


SCHEDULING CHAPTER 28 

The following table suggests possible schedules for this chapter, consistent with the 
Schedules outlined in the volume summary section. Sections which may be abbreviated 
or omitted without loss in continuity are enclosed with brackets []. Experiments which 
are specifically intended to precede class discussion of related material are indicated 
by the superscript P. 
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15-week schedule 9-week schedule 
for Part IV for Part IV 
Subject Class Lab Exp't Class Lab Exp’t 
Period Period Period Period 
IV-3P P 
mess |o [| o» 


Secs. [8], [9] 


RELATED MATERIALS FOR CHAPTER 28 


Laboratory. Experiment IV-3, The Force Between Two Charged Spheres, is a 
high-priority experiment and should be done, if possible, as an introduction to Chapter 


28. The experiment uses charged pith balls to investigate the relation between electric 
force and separation, leading to the conclusion that there is an inverse-square relation. 
Incidentally, the experiment employs an elegant measurement technique — measuring 
the displacements of shadows — for a situation in which the charge would be lost if a 
measuring instrument were put directly on the objects. . 


Experiment IV-4, The Addition of Electric Forces, shows the vector nature of 


electric forces. If done, it should follow Experiment IV-3. See the yellow pages for 
suggestions. 


Home, Desk and Lab. The following table classifies problems according to their 
estimated level of difficulty and the sections with which they are intended to be used. 
Those which are especially suited to class discussion are indicated. Problems which 
are particularly recommended are marked with an asterisk (9. 


Some problems, such as numbers 5 and 11, could be solved on the basis of knowledge - 
gained from earlier sections than those with which they are classified below. They are 


listed as they are because of their contribution to the ideas of the section with which they 
are classified. 


8, 10* 12 


18* 14, 15* 
16 


* Problem 9 can be handled with only the results of Section 4. The others listed for 
Sections 4 and 5 will be easier after students have studied Section 5. 
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Films ‘‘Coulomb’s Law’’, by Eric M. Rogers of Princeton University. This film 
shows the inverse-square dependence of electrical forces, and demonstrates the con- 
sequences of this law. It can be used with Sections 1-3. Running time: 28 minutes. 


“Electric Fields”, by Francis Bitter of Massachusetts Institute of Technology. 
This film shows how the presence of electric fields in space may be detected by various 
means, including lighting a lamp. This film is descriptive, and may be used before 
starting class discussion of Section 1 or Section 3. Running time: 24 minutes. 


‘‘The Millikan Experiment", by Alfred Redfield of IB M and Francis Friedman of 
Massachusetts Institute of Technology. This film presents a direct photographic record, 
with commentary, of the ‘‘oil drop’’ experiment described in Sections 4 and 5 of the 
text. All pertinent quantities are measured. This film can be used to great effect as 
an alternative to an impossibly complicated student experiment. Running time: 30 minutes. 


**Coulomb's Force Constant", by Eric M. Rogers of Princeton University. This 
film shows how macroscopic experiments are interpretable in terms of Millikan's 
experiment, and derives the value for the constant k in Coulomb’s law. This film parallels 
the development of Sections 6 and 7. Running time: 34 minutes. 


“Electric Lines of Force’’, by Alexander Joseph of Bronx Community College. This 
film is a short laboratory film showing how the grass seed patterns of Figure 28-10 
were made. Running time: 7 minutes. 


Section 1 — Force vs. Distance 


PURPOSE To show that the electrical forces of repulsion or attraction decrease as 

the distance between charges is increased. The force is proportional to the inverse 
square of the distance of separation. 

EMPHASIS One to two class periods should suffice for this and the following two sec- 
tions. The material is important for the understanding of macroscopic as well as 
atomic electric forces. 

DEVELOPMENT Students who have played with a charged rod and a suspended pith ball 


Should have a good qualitative awareness that the electric force is proportional to the 
inverse square of the separation. They will have seen how rapidly the force goes up as 


the distance decreases. 

The main ideas of this section have been mastered when students can readily answer 
questions such as the following: 

A piece of fur and a piece of plastic attract each other with a force of 10? newtons 
when they are 10cm apart. With what force do they attract each other when they are 
200cm apart? 50cm apart? 1cm apart? 0.1em apart? 


This last question might serve two distinct purposes. On the one hand the answer 


of 100 newtons derived from the strict inverse (Separation) law serves to point out the 
qualitative fact that these forces become enormous at small distances and that the in- 
verse square is a very rapid function. On the other hand most students will be quick to 
point out that you ‘‘couldn’t get all of the fur and plastic that close”. This might pro- 
vide an introduction to the idea of ‘‘point’’ charges as described in the footnote on page 
463 of the text and as elaborated in the sample problem in Appendix 2, Supplement to 
Section 3, at the back of this volume of the Guide. 
* * * 


Be sure to point out that this is not the first inverse-square law of force that we 
have met. In this respect gravitational and electrical forces are alike. You cannot 
elaborate on this similarity, but it is none the less worthy of note. Students have also 


28-4 


Seen an inverse-square relationship in the discussion of light intensity in Section 3. 
* * * 


Although methods of measurement are of secondary interest at this stage, the text 


does note that the law of electric force is known to r 24000990085; which is very accurate 
indeed — and students who are on their toes will see immediately that no such accuracy 
could come from a direct measurement of forces. A discussion of the method that is used 
to establish the value of the exponent is presented in Appendix 1, at the back of this 

` volume of the Guide and is also demonstrated and explained in the film on Coulomb's Law. 


* * * 


The next to last paragraph of the section probably will not require specific comment. P 
It is included for logical reasons. In the Coulomb experiment we are not examining j 
directly the force between individual electric particles but rather the force between 
bodies made up of particles. We infer that what we observe is attributable to the forces 
between the particles. We assume, as it were, that the whole is no greater (or less) 
than the sum of its parts. This is the kind of paragraph that some students will say 
"*Obvious'' to, often without understanding its logical significance. At least a few will 


appreciate this kind of detail. 
QUIZ PROBLEMS See Guide for Section 3. 


Section 2— The Electric Charge 
PURPOSE To establish quantitatively the relation between force and charge. The charge 
dependence and the inverse-square distance relationship give the Coulomb force, F = ka 


r 
EMPHASIS One to two class periods should be enough for the first three sections of this 
chapter. 
COMMENT To say that a particular ‘‘charge’’ can be cut in half by charge sharing, pre- 
supposes the idea of conservation of charge which is mentioned explicitly in Section 8. If 
we touch an uncharged metal sphere to an identical charged one, symmetry tells us only 
that the final charges on the two spheres are equal but not that their sum is equal to the 
original charge. The text has already developed the idea of electrical particles quite 
thoroughly and from this point of view conservation of charge reduces almost to conser- 
vation of electrical particles which should be accepted quite readily. Do not worry your 
class with this unless they raise questions. 
DEVELOPMENT Understanding charge sharing is important in order to follow the 
development of Coulomb's law in the text. Students’ understanding of charge sharing can 
be checked by asking how to divide a charge into thirds. An arrangement like foo) is 
satisfactory. Such an arrangement as OOO is not. Recognizing the symmetry in a situ- 
ation is important in physics and particularly in electricity. In the second situation above, k 


not all three balls are equivalent. In fact, the students should know that the two outer 
balls will receive the greatest charge. Dividing a charge into fourths can be accomplished 


by halving, then halving the ‘‘halves’’. An arrangement like 88, and a tetrahed 
also work; but not OOOO. ap seas ae 
Classwork on Coulomb’s law is probably best handled by working through such 
problems as: 
Two charged metal balls A and B repel each other with a force of F newtons. 


a) Suppose we cut the charge on one ball in half. Will it make any difference which ball 
we choose to divide the charge? (No) What will be the force between the balls if the charge 


on one ball is cut in half? (1/2 F) 
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b) What will be the force between the balls if the charge on both balls is cut to half 
its original value? (1/4F) 


c) With the charge on each ball reduced to half the original value, how much closer 
will the balls have to be moved to restore the original force ? (1/2 the distance) 


Problem 4 is a good discussion problem at this point. Problems 1, 2, 4, and 5 can 
be assigned. Problem 18 is a difficult problem, but a good one to give to see if students 
understand the ideas involved in measuring the exponent 2 in Coulomb's law by the in- 
direct method shown in the film ‘‘Coulomb’s Law’’, and in Appendix 1 of this volume of 
the Guide. This problem will be very difficult unless you have shown the film or dis- 
cussed this topic. The problem is best used as a summary or review p em at the 
end of the chapter. 


Section 3 — Electric Force Fields 


PURPOSE : This section introduces the word field to describe the pattern of electric 
forces around various charge distributions. Electric fields will be studied quantitatively 
in Chapter 29. This section is intended simply to provide a feeling for the distribution 
through space of the force patterns around charged objects. 


CONTENT a. The word field is used to describe the pallorn of electric forces on a 
movable charge in a given region of space. 


b. Electric forces add vectorially. 
c. The electric field over a charged plane is uniform in magnitude and direction. 


d. Electric field patterns can be demonstrated graphically using small visible par- 
ticles such as grass seeds. 


e. Electric field lines are always at right angles to an electric conductor. 
f. The electric field between charged parallel metal plates is uniform. 


EMPHASIS This section is not the place to go into a definition of field as force per 
unit charge. This will come in Cbapter 29. Here we want to get a feeling for the field 
idea — the three-dimensional space pattern of the relative magnitude and direction of 
electrical forces around different arrangements of charge. 


If you are rushed for time, this section, along with the previous two can be adequately 
covered in two to three periods. In that case this section can be treated in a descriptive 


way. Your aim would be (simply) to show 


1) the general nature and patterns of fields, and 
2) the plausibility of the idea that the electric force on a charged particle placed 


between parallel charged metal plates is everywhere the same. 


On the other hand, if you have time for a more detailed treatment of electricity you can 
treat the vectorial addition of electric forces — a thing which may not come easily to 
your students — and some of the characteristics of field line patterns, their perpendicu- 
larity to conducting surfaces, etc. 


COMMENT In this section the words electric field or electric force field are used to 
describe the pattern of forces on a movable charge in the region around some other 
charges which are thought of as fixed. The field is considered to exist in the space 
around fixed charges even in the absence of the movable or ‘‘test’’ charge. Some students 
have objected to the use of the word field in this connection. They ask why electric force 
would not be enough. The reason for using the term field at this point is largely one of 
vocabularly. In advanced work it is easier to describe the fields than the forces, and 
under certain circumstances (radio and light waves, described in Chapter 31) the fields 
get ‘‘shaken off'' the charges, and seem to have an independent existence of their own. 
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ics that it is regarded as important 


These concepts are so important in modern phys 
he course could be taught without the 


to introduce this vocabulary early, even though t 
use of the term. 
* * * 

This section is too early a point to strive for an exact definition of field. In a 
sense, the definition is getting built in as we go along. It was already started in the 
work on Coulomb’s law (purposely without saying so). It will be carried further in the 
Millikan experiment, and so on. In Chapter 29 we formally consider fields. Here we 
seek simply a qualitative feeling for the general character of a field — a picture of the 
anisotropy in space of the electric forces, a pattern which shown the ways charged ob- 
jects will be pushed in the space around other charged bodies. 


DEVELOPMENT The work ‘‘field’’ is rather hard to introduce. At this point it is used 
to describe the ‘“‘electrical condition’’ of some region in space. Perhaps it is best intro- 
duced with a specific example: 


Suppose we have equal positive and negative charges as shown below, and we ask 
what the force would be on a small positive charge placed at (32). Even without 


performing a detailed vector addition one can see that the positive charge pushes up 
and to the right,and the negative one pulls down and right. The ups and downs cancel, 
leaving a force to the right as shown. At (b) the force up and right due to the positive 
charge is so much stronger that it produces the net force shown. Continue drawing 
**vectors'' for a few more points until you can draw the force pattern on the small 
positive charge anywhere as shown below. 
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This pattern of forces is called the electric force field or even just the electric 
field in the region of the positive and negative charge. 


* * * 


Only two electric field configurations will be used extensively durin 
ofthe course: (1) the field due to a point charge (this should Berol Er 
Sections 1 and 2); and (2) the field between two parallel conducting plates which are 
oppositely charged. Without the tool of calculus it is difficult to do more than is done in 
the box on page 468 in proving the uniformity of the field over (or between) charged plates 
Be sure to refer to Figure 28-10 e of the text for experimental verification. $ 1 


If you have done vector addition, Problem 3 can now be assi 

i j gned. If you have t 
the material in the box on page 468, Problem 6 is an excellent, hard ia eokag dent 
11 can be done now and provides a good introduction to the Millikan experiment in the 
next two sections. 


SUPPLEMENTARY WORK If time permits, the supplement k i 
be helpful. PP ary work in Appendix 2 may be 


QUIZ PROBLEMS (for Sections 1, 2, and 3 of Chapter 28.) 
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1) Three identical metal spheres have equal charges. When they are spaced 10cm 
apart along a straight line, the electric force on the left-hand one is 1079 newtons. 
a. In which direction? (Left.) 
b. What is the electric force on the right-hand charge? ao? newtons to the right.) 
c. What is the net electric force on the center one? (0.) 
Now two of the spheres are moved very close together and placed 10 cm from the third. 
d. What is the electric force on this third sphere? 
Ans: In the first configuration we know that the force on the left-hand charge is 


2 2 
k $4 from the center one and k-S; from the right-hand one. Since 


10 20 
: ies her ne 
k E + k S 710 `, then k S =5 X10 `. In the new configuration, the force is: 
10 20 10 


2) Two parallel metal plates are oppositely charged. A small point charge is placed 


midway between the plates and is found to experience an electric force of 2 X 1078 new- 
tons. What is the force on this same particle after it is moved so that it is twice as 
close to one plate as to the other? 


Ans: 2X 10 8 newtons. The force field between the two plates is uniform, 
i.e. the force is the same everywhere between them — except, of course, 
near the edges. 


3) Two equal point charges A and B, are spaced 1em apart. They repel each other 


with a force of 19 9 newtons. A third equal charge, C, moves along the perpendicular 
bisector of the line joining A and B. Find the force on the third charge, C. 


8) When C is directly between A and B. 
b) When C is 1 em from both A and B. 
c) When C is 10 cm from both A and B. 


Ans: a. When C is directly between A and B, the forces cancel and the net force 
is zero. 


b. When C is 1cm from A and B, the force of both A and B on C is 10:8 new- 
tons. However, only the component along the perpendicular bisector of the line 


joining A and B is effective, and the net force is 2 X 19 9 X cos 30°= /3x 19:5 
newtons. 
AN 
N Vector sum 


293510 9 ut 


arra 
Be 
c. When the third charge is 10 cm away from each of the other two, the forces 


are less than in (b) by a factor of 100 (inverse square), or 10.5 newtons each. 
The angles are so small that the cosines of the angles are nearly 1 and the net 


force is 2 X 10 9 newtons. 
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-8 
(If the angles are taken into account the answer is 1.998 X 10 newtons.) 


4) (This problem is probably as hard as any which a student should be expected to 
solve at this level.) Two identical metal spheres carry equal positive charges so that 


they repel each other with a force of ia newtons when they are placed a certain dis- 
tance apart. A third identical but uncharged sphere is touched first to the one on the 
left and then to the one on the right and then is placed midway between the first two. 
What is the electrical force on this third sphere? 


Ans: Suppose that the charge on each is Q and that the distance apartisa. We ; 


2 
have then that 10 ^ = k a. After touching the one on the left, the third sphere 
a 
has a charge of Q/2 and the one on the left has Q/2. When the third sphere is 
touched to the one on the right there is a- charge Q+ Q/2 = 3/2Q to be shared 
equally — 3/4Q each. The final arrangement is then: 


s a/2 G 


It is worth noting that the total charge is still 2Q as it must be. There is now a 
force to the right of 


and a force to the left of 


4 4 
F = 
left (2) 
2 

qure 

4 4 a? È 
3 
= 3 x19? newtons. 
The net force is thus 2-3 x10? t or 2x 10° 
diy nt or " 0 ` newtons to the left. This 


answer is not exactly right since the presence of the third charge affects the 
charge sharing of two of them somewhat. If the spheres are small the effect 
is negligible. 


A good student might short cut the formal steps in this problem, reasoning the forces 
in terms of their relation to the original force between the two original charges as follows: 
The force on the third charge to the right: 
On the grounds of charge, is decreased 3/4 x 1/2 - 3/8 of original force. 
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On the grounds of distance, halving the distance increased the force by 4. 
3/8 X 4 = 12/8 of original force to the right. 

The force to the left: 
On the grounds of charge, is decreased 3/4 X 3/4 = 9/16 or original force. 
On the grounds of distance, halving the distance increased the force by 4. 
9/16 X 4 = 36/16 of original force to the left. 
36/16 - 12/8 = 3/4. 


3/4 a05) to the left is the required force. 


Section 4 — Measuring Small Electrical Forces 


PURPOSE Sections 4 and 5 describe a Millikan experiment, showing that electric charge 
comes in fundamental natural units. Section 4 discussesthe design and calibration of 

the apparatus. The section is introductory in the sense that it lays the foundation for the 
Millikan experiment. However, the apparatus and technique are so elegant that they are 
of interest in their own right as an example of experimental design. 


CONTENT This section develops the idea that a small sphere driven in air by a constant 
force has a constant velocity which is directly proportional to the driving force. Since 
the electric part of the driving force is proportional to the electric charge, we can com- 
pare electric charges by observing the velocities with which a standard sphere is driven. 
Knowing the weight of the sphere and observing its velocity under the driving force of 
gravity makes possible the calibration of the apparatus in familiar force units. 


The process of calibration also experimentally confirms that the electric force on a 
charged object between two charged plates is the same at all points, and is directly pro- 
portional to the number of batteries (later voltage) across the plates. 


EMPHASIS Since this material develops a tool for the Millikan experiment, it should be 
developed as an introduction to the next section. However the power and beauty of the 
elementary charge experiment of the following section will not be realized unless this 
Simple materialis thoroughly understood. The facts presented on the configuration of 
electric forces between parallel plates should not be emphasized as they are an aside 

to the central argument. They should be mentioned as they will be useful in Sections 6 
and 7 and later chapters. Not more than one period should be spent on this section. 


DEVELOPMENT The film ‘‘The Millikan Experiment’’ provides an excellent treatment 
of this material as well as that of the next section. Many teachers will find that the 
requirement for class discussion of Sections 4 and 5 will be sharply reduced by using 
this film shortly after students have studied the material. The advantage of using the 
Millikan film at this point in the development can hardly be stated strongly enough. By 
combining visual observation with clear exposition, the film makes it possible to put 
across a technically intricate, but conceptually simple, group of ideas in a remarkably 
Short time. 


COMMENT Basically the electric force is not vital to the material of the first part of 
this section. The whole point is to prove that the velocity of a small sphere moving 
through air is proportional to the driving force acting on it. The physics involved is 
really hydrodynamics rather than electricity. The electrical force is simply used as a 
convenient way of doubling and tripling the force. Of course the use of the electric force 
prepares the way for Section 5 where it will be all important. Your class might enjoy 
knowing that Millikan knew that velocity was proportional to driving force before he began 
his experiment. The viscous drag of the air on a sphere moving through it is known to be 
67 krv where r is the radius of the sphere, v is its velocity, and k is the viscosity of 
the air. It is this drag force which balances the gravitational and electrical forces so 
as to produce uniform velocity. 

* * * 
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A word of warning with regard to the dynamics involved in the motion of the plastic 
spheres: Be careful in your choice of the words for describing the forces that act on a 
Sphere; the net force on the sphere is zero when it is moving at constant velocity. Con- 
sider a sphere moving upward with constant speed, vy: The gravitational force acts 
downward and has a magnitude Fe The electrical force acts upward and has a magni- 


tude For It is then tempting to say that there is a net force acting on the sphere, the net 


fórce being given by (F el) up - (F) down This is not true. The net force acting on any 
object which is moving with constant speed is zero. To calculate the true net force, one 


must take into account, besides the gravitational and electrical forces, the retarding 
force of the air resistance: Fe up = (Fe) PNG - (F zu) inca" 0. It may then be use- 
ful to use the term “‘driving force'' to indicate the resultant of gravitational and electrical 
forces. The net force will be zero. 


* * * 


The figures on page 473 can be used as a basis for questioning to determine whether 
students understand the logic of the section. 


The fact that connecting two batteries in series to the plates produces twice the 
electrical force of one battery cannot be derived at this stage as a consequence of other 
knowledge. It is directly demonstrated experimentally and is easy to believe. 


DEVELOPMENT The ideas in this section are Simple. They are understood when stu- 
dents can answer the following kinds of questions: 


A steel marble will drop through syrup at a constant speed (why constant?) of 10cm 
per second. How fast will a glass marble fall if it is of the same size but half the weight? 
Ans: Half as fast — though bright students should probably see that the buoyant force of 
the syrup should be taken into account, just as the text mentions that the buoyant force of 
air must be considered for extreme accuracy in the plastic sphere case. 


If the steel marble is pulled upward, by a String, with a force equal to its weight, how 
fast will it move? Ans: Zero speed. The driving force is zero; if the ball had been 
moving, the viscous force would immediately stop it. 


If the string pulls up with a force twice as great as the weight, how fast does the 
marble go? Ans: The driving force is an upward force as large as the weight; conse- 


Section 5— The Elementary Charge 


PURPOSE To describe an actual experiment which s 
of some natural unit (the elementary charge). 


EMPHASIS Students should leave this section with an understanding tha 
t all charges do 
occur as multiples of some elementary charge unit, but this is not all. Hopefully they” 


should get 
Fin dd i deep intellectual appreciation of this beautifully simple, but very significant 


hows that charges occur in multiples 


the weeks of frustration which go with the 
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COMMENT Students should not be allowed to get so involved in the descriptive material 
of this section that they lose sight of what the experiment shows. Some of your students 
may have heard the Millikan oil drop experiment described as an experiment to measure 
the charge on the electron. That is the way it is usually described. It is not to be 
thought of in that way here. This experiment shows that in a particular electric field, 

a particular plastic ball shows changes in velocity and hence, changés in the force on it. 
These changes in force come in small integral multiples. Since the force is proportional 
to the charge on the ball, the conclusion is that the charge cannot have just any value, 

but must be subject only to discrete changes which are integral multiples of a fundamental 
charge unit. In our development we have not set up the coulomb, so we need not measure 
our elementary charge in terms of any existing unit. Instead, we adopt this elementary 
charge as our fundamental unit charge. ; 


DEVELOPMENT In interpreting Table 2, there are two points of view that might be 
taken. The textbook develops the idea by looking at the effect of the charge that has been 
added or removed from the sphere after balance. This will probably be the simplest and 
most direct way for most students. Occasionally a student is helped by looking at the 
interpretation a bit differently: by considering all the charges on the sphere in each case. 
For example the first entry indicates a fall of 0.54 mm in 10.6 sec. This corresponds to 


a force of -1.51 X 10 ! ^ newtons as in the table. But since gravity provided -2.80x10 14 


newtons then the electric force alone was +1.29 X 10755 newtons. The second entry shows 
the electric forces to be +4.20 X e newtons, etc. In either case, the important thing 


is that all the electric forces are very close to small multiples of 1.40 X 10 1* newtons. 
You should be sure to point out that the number 1.40 X 10777 newtons is not essential; 
balancing a plastic sphere of different size would have given a different value. The small 
multiple is the important thing which shows up every time. Furthermore; the 3 to 2 ratio 


between the forces (1.4 X t newtons/elem chg and 0.9 X eg newtons/elem chg) 
needed to balance when there are 2 and 3 elementary charges on the sphere respectively, 


provides an essential check that the elementary charge is invariant. 


Some students will be sure to worry about 1.29 not being 1.40. Table 2 carries experi- 
mental error. The shaded areas in Figure 28-24 show the regions of experimental error. 
It might also help to plot the data of Table 2 in the following way (each short segment rep- 


resents one measurement): 


Were is 4 


-2 -1 0 1 2 3 qut 5 6 7 8 
Electric force in units of 10 ^  newtons 


COMMENT Millikan, who had no plastic spheres, was faced with a much more formidable e 
task than the authors of the text. He used small oil droplets whose size was unknown. If 


a drop is made of oil of density d and has a radius a it has a mass $r2)a and gravity exerts 
a force on it of $a? ag. If it falls with a velocity v the retarding force on it is, from 
hydrodynamic considerations, 67kav where k is the viscosity of the air. Then if the drop 
falls with a constant velocity v 
4 
3 
Measuring the velocity of fall allows a calculation of a, the radius of the drop. 
The experiment proceeds from this point on in a way very like that described in the text. 


A fine first hand account of Millikan’s experiments is given in his book, listed under 
“Further Reading’’ on page.483. Some of your more enterprising students might be 


interested. 


T a? dg = 6Tkav. 
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DEVELOPMENT It will be wise to take a little time to emphasize the generality of the 
conclusions drawn from the Millikan experiment (the last three paragraphs in this section). 


* * * 


Problem 10 provides another set of data for students to analyze and should certainly 
be assigned. Problems 8, 9 and 12 refer to different aspects of the Millikan experiment 
or Section 4, and can be assigned at this stage. Problem 11 could have been worked 
with the material of Section 3, but has a bearing on the Millikan experiment. Problem 
14 has one rather interesting aspect. In the film on the Millikan experiment, a pack of 
batteries is shown equipped with a ‘‘selector’’ for picking out a certain *number'' of 
batteries. It would haye been the purest good luck if exactly three batteries had balanced 
the gravitational force. The ‘‘selector” is actually a potentiometer as described in 
this problem. You need not worry about the validity of the three battery concept used 


ment described in this chapter was set so as to be right for three batteries. The nar- 
rator in the film says that “almost three'' batteries were Selected. The potentiometer 
therefore allowed a fine control on the ‘‘number” of batteries used. 


posed to X-rays, the Sphere starts to fall and it is found that 5 batteries must now be used 
to counteract the force of gravity. What is the smallest number of elementary charges 
that could haye been on the sphere to begin with? Ans; 5. 


Solution: Since the electric force ig Proportional to the number of batteries, and the 
number of charges on the Sphere, with 3 batteries the electric force that is equal to the 


3 eq = mg, 


where c is a constant of proportionality and q is the number of charges on the sphere. 
With 5 batteries, the force is xdi 


Therefore, 


» and the sphere falls 1 millimeter 
trong electric field; X-rays are applied; 


here now falls 1 
is repeated several times, yielding the fol fee ronda. The A ety 


Time to fall 1mm with no field: 3.00 s : 
With the standard field applied: $3 ak 
1) does not fall or rise 
2) falls 1 mm in 9.00 seconds | 
3) rises 1 mm in 3.00 seconds 
4) rises 1 mm in 9.00 seconds 
5) falls 1 mm in 2.25 seconds, 


a) What was the probable initia] charge on the Sphere? 
b) What was the probable last charge on the Sphere? 


28-13 


Ans: a. 3. b. -1. Of course we were not given enough data to tell whether the 
answer should be +3, -1 or -3, +1. We do know that the sign is different in parts (a) 
and (b). Of course the answers could be 6 and -2, but considering the other values found, 
this is not likely. : $ 


Section 6— A Large Electrical Balance 


PURPOSE Sections 6 and 7 show how the constant of proportionality in Coulomb’s law 
can be measured. Section 6 describes the experimental arrangement for this measure- 
ment. 


EMPHASIS Sections 6 and 7 should be discussed together. If you are hard pressed for 
time you might treat these sections as a reading assignment — making certain, however, 
that students learn the one or two simple facts about forces on charges between parallel 
plates and know where to find the value for the constant in Coulomb's law. If you use the 
film ‘‘Coulomb’s Force Constant’’ you should be able to cover these two sections in a 
single period. 


DEVELOPMENT For the discussion of the large scale micro-microbalance see the 
next section. 


This section extends two ideas on electric forces between paralle! plates: how they 
change with the area of the plates (they don’t), and how they change with separation of 
the plates (inversely as the separation for the same battery applied). It might be well 
to ask students to summarize what they know about electric forces on charged objects 
between metal plates. They should come up with a statement something like the following: 


The electric force on a charged object placed between two parallel metal plates is: 


1) independent of the position of the object between the plates, i.e. the same 
everywhere (as long as the plates are large, and if the image forces are negligible). 


2) independent of the area of the plates as long as the plates are large compared 
to their separation. 


8) inversely proportional to the separation between the plates for the same 
battery applied. ; 


4) directly proportional to the number of batteries connected in series between 
the plates (later this will be defined as proportional to the voltage across 
the plates). 


5) directly proportional to the charge on the object. 


Students should not be left with the idea that any of this is proved logically. The 
best we can do is state the facts and verify them by observing charges between plates. 
You can tell your students that all these statements can be proved, though the develop- 
ment is too long for the present text and properly involves the use of calculus or dif- 
ferential equations. At this point it will be well to leave the proportionality of force 
between the plates and the number of batteries as simply experimentally demonstrable, 
and not go ahead to the addition of voltages. 


COMMENT All the statements made about forces on charges between parallel metal 
plates apply only to the case where the battery is kept connected. Consider the case given 
in the text. A battery is connected between two metal plates, resulting in a force being 
exerted on a test charge placed between them. The distance between the plates is 
doubled, the battery remaining connected. The force on the test charge is halved. The 
charge which is now on the plates has decreased to'half its former value. As the plates 
were moved apart, charge actually flowed back through the battery. 
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On the other hand, if the battery is disconnected and the plates are then moved 
apart, the force on the test charge remains unchanged. In this case the charges on 
the plates had no place to go and hence remained the same. 


QUIZ PROBLEM 


A plastic sphere is placed between two metal plates 1cm apart, with no battery con- 
nected. The sphere falls 1mm in 10 seconds. A battery is connected, and the sphere 
is found to move up 1 mm in 20 seconds. 


3) With the battery connected, how far apart should the plates be in order to hold 
the charge motionless? 


b) With the plates at the new distance how many batteries must be connected to 
make the charge rise 1mm in 10 seconds? 


€) If the connection of this last set of batteries is reversed, how fast will the 
Sphere fall? 


Ans: Let the weight of the sphere be W. In part (2) the driving force is 1/2 W 
upward, so the electrical force is 3/2 W up. To balance gravity the upward force 
should be equal to W. Thus it must be reduced to 2/3 its initial value. It follows that 
the plates must be 3/2 as far apart, i.e. 1.5cm. 


The driving force required in part (b) is W up, or an electrical force of 2 W up. 
Thus 2 batteries are needed. 


For part (c), if the batteries are reversed the driving force is 3 W down. With 
this force the sphere will drop 1 mm in 3.33 seconds. 


Section 7 — The Constant in Coulomb's Law; 
the Force Between Elementary Charges 


PURPOSE This section describes a method for est 


ablishing the constant of proportion- 
ality in Coulomb's law. 


EMPHASIS 1t is highly important to understand the Strategy of the experiment. The 
details are secondary. If you are pressed for time you may treat this and the preceding 
Section as a reading assignment only. In this case students should understand that the 
force constant in Coulomb’s law can be measured, even though they do not follow closely 


the details of how it can be done. The film “‘Coulomb’s Force Constant’’, using the 


remainder of a single period for discussion, should suffice. 


DEVELOPMENT You mi| 
law by asking your class to calculate the force between two elementary char 
es placed 

. 0.1mm apart. When they find they lack knowledge of the constant des E. to 
measure it. The problem always comes down to how to count or measure the number of 
excess elementary charges on an object which is large enough to permit making a force 
measurement. .,In order to discourage a proposal of a direct measurement you may have 
to give the class the value of k = 2.3 x 10 29 newton meter?/ elem z 

. charge . As soon as 
e dung realizes that the measurement is not easy, you can discuss the experiment in 

ext. 


You will probably wish to Summarize the lo 
1) We know the force per element: 
Midas asperius ary charge between two standard plates (from the 


2) We scale up the experiment, multiplvi i 
Beside by 100 multiplying both the plate separation and the number 


hence known). force per elementary charge is the same as before (and 


ght introduce the discussion of the measurement of k in Coulomb’s 


gic of the measurement something like this: 


vx af 


"E 
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3) We place one of two large identically-charged spheres between the charged plates 
and use a spring balance to measure the electrical force exerted. This force divided by 
the force per elementary charge gives us the number of elementary charges on the sphere. 


4) We measure the force of repulsion between the two identically-charged spheres at 
a given distance. We can then solve for k in 
q, 4. 
poe 1 z 


S 


Students should see that k, 2.3 X 15:25) is the measure in newtons of the force between two 


elementary charges at a distance of one meter. It will be important to place this force in 
Scale by showing how large it is compared to gravitational force between small particles 
at comparable distances. 


The film ‘‘Coulomb’s Force Constant” shows the type of experiment described in 
the text. Discussion of this experiment can be materially shortened through the use of 


this film. 


COMMENT Notice the difference in development used in this text and that usually en- 
countered. Most books define an electrostatic unit of charge to be that charge, q, which, 


when placed 1cm from an identical charge, exerts a repulsive force of 1 dyne 10? 
newtons). That is, Coulomb’s law is written F = 005 / Ta (The constant k is thus set 


equal to one.) Then the charge on the electron, the elementary charge, must be 
measured as some fraction of an electrostatic unit (4.8 X 19:19). Other books define a 


unit of charge called a coulomb in terms of magnetic forces on currents. Since the unit 
of charge is found in some other way, the constant k must be measured. Also the charge 
on the electron must be measured (1.602 X iy ** coulombs). 

Our book adopts the idea that nature supplies a natural unit of charge and that we 
must measure the factor k thus defined by Coulomb's law. In this scheme there is no 
such thing as ‘‘measuring the charge on the electron". This section describes a means 
of measuring k. For the purposes of atomic physics, this scheme is superior both con- 
ceptually and practically. For the use in electrical engineering the charge unit is in- 
conveniently small. 


It is probably best to tell students that the scheme for measuring k as described in 
this section is not one that is actually used. As the movie shows, this experiment is 
possible, but much more accurate methods exist. The actual methods involve a whole 
Series of very indirect measurements which would be impossible to describe at this 
level. This is in contrast to the Millikan experiment which, at least when it was first 
performed, was the best method for determining the charge on the electron in terms of 
the previously defined electrostatic units of charge. 

* * * 


In the problems at the end of the chapter, there is only one problem for which k is 
needed. This is Problem 17, where the material of Section 9 is needed as well. Prob- 
lem 16 shows a plausible way for measuring the force on a large charge between two 
metal plates. Problem 13, 14, 15 and 19 are appropriate. Problem 15 is useful for 
discussing the small fraction of the molecules in macroscopic charged bodies that have 
changed their charge. 

An intesting type of problem is to consider the force of attraction between a proton 
and an electron at a distance of 0.5 X w meters, which is their separation in a 
hydrogen atom. The answer is 0! newtons. This is quite a tremendous force compared 


to that on the plastic sphere in the Millikan experiment (greater by a factor of about 10"). 
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Section 8 — Conservation of Charge 
PURPOSE To state the conservation of charge. 


EMPHASIS Descriptive reading. At this point, conservation of charge should seem 
fairly obvious. It can be passed with little more than noting it. 


COMMENT The material of this section can easily involve you in rather deep discussion 
of pair creation and other related subjects. Don't get into that unless you are competent 
to get out! 


The text states that sometimes a neutron turns into a proton and an electron (a 
neutrino is given off too). A rather common statement in high school texts is that a 
neutron is made of a proton and an electron. This last statement is not correct accord- 


ing to present day ideas. 
* * * 


The basic notion of a conservation law is probably very easily accepted by the majority 
of high school students. They have an intuitive feeling for the conservation of objects 
which can be exploited here. The nomenclature ‘‘plus’’ and ‘‘minus’’ makes the idea of 
pair creation less distasteful. 


Section 9 — The Electric Charge of Electrons and 
Other Particles of Matter 


PURPOSE This section indicates how the charge carried by elementary particles can 
be determined. . 


EMPHASIS Descriptive material. Can be covered as part of a reading assignment. 
CONTENT a. The electron carries a negative charge of one elementary unit. 
b. The alpha particle carries a charge of +2 elementary units. 


fo All “‘elementary’’ particles known today have a charge of +1, -1, or 0 elementary 
charges. 


COMMENT This section confirms what most students will have already suspected, that 
the electron carries a single elementary charge unit. As a matter of fact all elementary 
particles we know today carry no charge or a single elementary charge. Physicists 
know of no reason why this is so. It is simply a fundamental, empirical fact. Problem 
17 is useful here, both for home assignment and for class discussion. 
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Chapter 28 — Coulomb's Law and the Elementary Electric Charge 
For Home, Desk and Lab — Answers to Problems 


The following table classifies problems according to their estimated level of diffi- 
culty and the sections with which they are intended to be used. Those which are espe- 
cially suited to class discussion are indicated. Problems which are particulary recom- 
mended are marked with an asterisk (*). 

Some problems, such as numbers 5 and 11, could be solved on the basis of knowledge 
gained from earlier sections than those with which they are classified below. They are 
listed as they are because of their contribution to the ideas of the section with which they 
are classified. 


* Problem 9 can be handled with only the results of Section 4. The others listed for 
Sections 4 and 5 will be easier after students have studied Section 5. 


SHORT ANSWERS 


- FG 
1. a) 1.0 X 10^? newtons. fe m UP 
b) No. b) See detailed discussion on page 28-2 


2. a) 1.2 X 10 ? newtons. m. 
8. a) 5X10 grams. 


b) 9 X 10 f newtons to the left. Ed 
-6 : b 2X10 . 
3. a) 3X10  newtons. -14 
28 : i 9. a) 7.0X 10 14 newtons, up. 
b) 5X10 ^ newtons, b) 1.4 X10 -* newtons, down. 


37° toward the right from the line CB. ; 
10. a) See detailed discussion on page 28-2€ 


4. a) L.5X 10^? newtons. b) Six 90-volt batteries. 3 
c) One elem. charge. 


b) 2.0 x 107? newtons to the left. a 
: 11. a) 5.0X10 ` newtons. | 


k 5 
$m E e b) 2.5 X 10 ? newtons. 
F c) 5.0 X 109 newtons; 
b) GATE Ls -5 
mg L 2.5X10  newtons. 
c) Increases by factor 8. 19. 4mm in 10.8. sec. 


6. See detailed discussion on page 28-22. 
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= -71 
13. a) 2X10 à newtons. 17. a) 5.4X 10 newtons. 
- . -28 
b) 6X10 : newtons. b) 2.3X 10 newtons. 
42 
14. a8) Tap one-third. c) 4.3X 10 
b) Tap two-thirds. d) 9.2X 19 28 Ns. 
c) Tap one-half. -70 
2.2 X 10 newtons. \ 


15. a) Three positive electric particles. 


TI : 
b 102x10 . 0 18. See detailed discussion on page 28-31. 


h 1 
Sem oa. 19. a) 1 negative elementary charge. 
16. a) 4.4 X 1074 newtons. b) Electrons. 


b) 1.5 x 10]? 


e) Unchanged. 


elementary charges. 


COMMENTS AND SOLUTIONS 


PROBLEM 1 Two electrified objects A and B are separated by 
0.03 meters, and repel each other with a force of 
4.0 x 10-5 newtons. 
hy (a) If we move body A an additional 0.03 
" i meters away, what is the electric force now? 
5 (b) Does it make any difference which body 
/! 1 we move? Explain. 


a) The force between two charged bodies (if their size is small compared to their 
paration) varies according to the inverse square of the distance. As the distance 
etween the two charged bodies is changed from 0.03 m to 0.06 meter, the force will 


0.08 1 ES 
9.08 ) mii The force is therefore reduced from 4.0 X 10 


change by a factor of ( 
newtons to i X 4.0 X 10-5 newtons = 1.0 X 107? newtons. 


b) Since the force depends only on the distance between the electrified objects, i.e. 
on the relative position, it does not matter which object is moved. 


PROBLEM 2 Three equally charged objects are located as 
shown in Fig. 28-29. The electric force exerted 
by Aon B is 3.0 X 10-5 newton. 

(a) What electric force does C exert upon B? 
(b) What is the net electric force on B? 


8) Since the distance between A and B is twice that between C and B, the force of 


C on B must be four times that of A on B; F 


pc ^ 4X 3.0 X 107 newtons = 1.2 x 19? 
newtons. 


b) Assuming that the three charges are of identical sign as well as magnitude, the 
forces are both repulsive. The force of A on B is given as 3.0 X 10-9 newtons to the 


right. From (a), the force of C on B is 12 X 1078 newtons to the left. 


-6 de RE 
'. Fet = 12 10°" - 3107 = 9 X 107 newtons to the left, 
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PROBLEM 3 


Suppose that we place three sill charged spheres, 
with equal charges on them, as shown in Fig. 28— 
30. A and C are fixed in position and B can 
move. Cexerts a force of 4 x 10-5 newtons on B. 
(a) What force does A exert on B? 
(b) What is the net force on B? 


a) Since Coulomb's law states that the force is inversely proportional to the square 
of the distance, then 


But F_ = 4X10 ^? newtons; 8d Fr = 2X4 €102 € 39010  mewtons. 


BC AB 4 

b) Since the two forces acting on B are perpendicular, the magnitude of the net force 

will be: 
-6 2 26 2 ZR 3X 108 
E ,74/(4X10 ) *(3X10 ) -5X10  newtons. 
net ——— Eo 

The direction of the net force is given by x 10-6 net 
the following vector sum: 4 à 5 x 1078 
PROBLEM 4 Two equally charged identical conducting spheres 


A and B repel each other with a force of 2.0 
X 10-5 newtons. (Fig.28-31a.) Another identi- 
cal uncharged sphere C is touched to A (Fig. 28- 
31 b) and then moved over right next to B(Fig. 28- 
310). 

(a) What is the electric force on A now? 

(b) What is the net electric force on C (after 
having touched A) when it is halfway between A 
and B? á 


This is a basic problem which touches 
essentially on all the points covered in this 
chapter about macroscopic charges and their 
interactions. We use the following facts: 


(1) Force between charges goes as 1/dis- 
tance . 
(2) Force is proportional to both charges. 


(3) When charge is redistributed the total 
charge is conserved, i.e., constant. 


(4) Charges on conducting bodies move 
freely. 


We can summarize the solution by using 
Sketches of the situation at different stages 
In the problem: 
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A CB 


a oO 


Initially the force F is given as 2.0 X 10 ? newtons. 


a) If an identical conducting sphere C, is 
placed in contact with A, A and C will share 
equally the original charge on A, provided 
no other charged bodies are nearby ~ After 
C has been moved over to B we have: 


The force on A can be calculated using fact (2) above: 


Fy (now) ii (1/2 (3/2 q) A 
2.0 x10? (a (a * 


F, (now) = 1.5 X 10^? newtons. 


b) With C moved halfway between.A and B we have 


FLA c 
- BA v Fac FAC 
F © 
qd Y 
ca g 3 


3/2 q 


CB 


Since the distance between A and C is half that between A and B, then the force 


exerted by sphere A on sphere C is: 


FAC —  (3/2)9/2)/ 0/2 AC)” ., 


2.0x10?nts (QQ / (AC) 
Fug = 2.0 10^? newtons to the right 


Similarly, the force exerted by sphere B on sphere C is 


cx nuc MIT QUIA. 


2.0X10 ?nts (aQ / (AO) 
BC 


The net force on sphere C due to spheres A and B is then: 


Cc 


PROBLEM 5 Two charged balls 4 and B each with mass m are 
placed as shown in Fig. 28-32. The ball A is free 


to move; B is fixed in position. 


(a) How does the force F, between them 


depend upon X? 


(b) Find the relationship between the electric 

force F, and the weight mg in terms of X and /. 
N (c) If the charge remains the same and the sepa- 
ration X is cut in half, how must the weight have 


changed? 


F.. = 4.0 X 10^? newtoris to the left. 


F= 2.0 X 10? newtons to the left. 


GEL CE AT. | RENI 
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B is fixed in its position, and A is assumed to be a pendulum bob in static equilibrium. 


8) Since X 1s the distance of separation and F, is the electric force of repulsion, 
r,-—5. 
SEEN Te 
b) We know that EG =E; w= mg. 
x 


In order for A to be in equilibrium, the 
net force acting on it must be zero. That is, 


the vector sum, m+ F -*F  . must 
equal zero. s Siring 
Since F is a tension, it must act 


along the string, and must have a magnitude 
Such that it closes the vector triangle, ACD. 
In other words, the vector sum of Et më 


must act in the direction of the string. 
Then by similar triangles: 


Te ox 


mg f 


C) If the X distance, corresponding to equilibrium, is cut in half, F, will increase 
fourfold. We can write for the new equilibrium: 


ues ae Je X 
F m'g 24 m'g 80' 
and since m. - x, we find m'g = 8 mg, the weight must have increased by a factor of 8. 
PROBLEM 6 Suppose we have a very long charged wire. 


(a) Draw the electric field lines around the 
wire, looking (i) from the side, and (ii) looking 
from one end. Note: Because of the symmetry 
the field can depend only on distance from the 
wire. 

(b) How does the field vary with distance from 
the wire? Note: You can use much the same 
method as was used in the box on page 468. 
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This problem indicates the general process required to calculate the electric force 
- field due to an extended distribution of charge. In order to apply Coulomb's law we 
have to break up the extended charge into bits of charge which are small enough to be 
considered as points, calculate by Coulomb's law the contribution to the field by the 
individual bits, and add vectorially the individual contributions. For this particular 
problem we can find the required partial answers without completing the process in de- 
tail. However the individual steps have to be spelled out and defined even if they need 
not be completed. This problem is quite similar to the problem of finding the field of 
a plane charge distribution discussed in the box in Chapter 28, page 468. This problem 
is a difficult one at this level and should be assigned only if you have plenty of time to 
discuss it. 


a) Ifthe wire is a long, uniform conductor the charge will be uniformly distributed 
along its length (except near each end and provided there are no other charges nearby). 
Let us assume that the charge is uniformly distributed and that we are far enough from 
either end (compared to the distance from the wire) that extending the wire to infinity 
at both ends, with constant charge per unit length, has a negligible effect. 


The lines of the electric force field are radial as shown in the sketch: 


eto. etc. 


i ; clockwise counter 
Side view 
End view Clockwise 


left right 


That the field lines must be radial can be argued from symmetry. We are given a 
wire with charges distributed uniformly and not moving in any direction. Thus there 
is nothing in the physical characteristics of the situation that would suggest ‘‘handedness’ - 
right, left, clockwise or counterclockwise. Thus, we would expect that the field lines 
would have to appear the same no matter which side or which end they were viewed from. 


The only arrangement that satisfies this condition is radial. ? 


Some students will easily get the above symmetry argument on their own. For 
others, a more direct approach may be helpful We can ‘‘pair-off”’ equal bits of charge 
located symmetrically to the right and left of the portion of the ‘‘test charge'' (i.e. the 
charge for which the force is being calculated). 


P 


- 
e ‘ M 


a 


| 
| 
2 | 
| 
| DA a9, 


i3 
~ 


Re tu qu **pairs" Aq, = Aq, jue cR I vr Jf 


The components along the wire of the forces exerted by each “pair” 

opposite, therefore the resultant contribution to the teres by the P baal ae is 
the resultant force from all pairs. By considering the resultant of each “pair” fora 
test charge above, below, ‘‘in front of'' and ‘‘behind’’ the wire, we see that the onl 
lines of force that can exist are radial. à r 


This argument of course breaks down for a finite wire because, except for a point 
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at the center of the wire, there will be unpaired charge. If P is far enough away from 
either end, the force from the unpaired charge will be small. 


b) To find how the force exerted on a given charge Q by the charged wire depends on 
the distance, we proceed much as in the box on page 468 (force on a charge above a 
uniformly charged plane). To compare forces at distance d and d’ we first compare 
the forces exerted at two different distances, d and d', by the charges q and q' on 
lengths Af and Af’, of the charge Q. The force in the second case would be larger by 


p_ AF 


perae?) 
Al AL 


a factor of E . because we know that AF = E AF’ = eu and from geometry we can 
ry, Xin, ; 


ar Ab q pias rene Gada 
see that d p AR Therefore, q'- dc and r' = an Therefore 


r 


The forces are in the same direction in both cases. The same discussion applies to 
all other corresponding contributors to the resultant force. The resultant force there- 
fore varies inversely with the distance from the wire. 


PROBLEM 7 The graph in Fig. 28-33 shows the electric force 
of repulsion on a tiny charged conducting sphere 
as a function of its separation from a large con- 
ducting sphere, The large sphere has a radius of 
| cm, and has 10 times the charge of the small 
sphere. 

(a) How is the force changing as the separation 
changes from 5 cm to 3 cm? 

(b) Explain the behavior of the force between 
separations 2 cm and | cm. 


E 


Distance between centers of spheres in cm. 


newtons 


icd 
o 
| 


Force of repulsion 


in 1077 


ich brings out the effects of induction in a conductor. 
om the large sphere (B) the charge distribution on 
uniform. The force between the spheres is 


This is an interesting problem wh 
When the tiny sphere (A) is far away fr 
the latter is spherically symmetric, i.e., 


then the same as between point charges. 
the force.) 


As the spheres are brought closer together, however, the charge on the large sphere 


(This is a consequence of the 1/ r” nature of 
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will be redistributed. In fact, for small enough separation, the part of the large sphere 
which is nearest to the small sphere will become charged by induction with charge of 

sign opposite to that originally on the spheres, and attraction will resuit. The small 
Sphere is considered so small that even if its charge moves around a bit none of the forces 
are changed — its charge simply can’t move very far from its center. It is considered in 
this discussion to be a point charge. Three special cases are shown below: 


1) Large separation: repulsion the same as between point charges. 


>® 


2) Intermediate separation: repulsion 
less than between point charges, because 
the charge on the large sphere has been 
effectively pushed farther away. 


p 


»G 


er 
3) Very close: a negative charge has T he 
¢ been induced on the side of the large sphere. + 
n ^ Compared to the positive charge, this nega- + a 
ji" tive charge is so close to the small sphere a ios 4 
' ' } that attraction results. 3 
T 


I 
a) At 5cm and 3cm we measure, on Figure 28-33, ordinates of 0.25 cm and 0.63 cm 
respectively. Thus the ratio 


F(at3em) _ 0. 3.2 5 


F(at5cm) 0.25 


The force increases by a factor of 2.5 when the Separation is decreased from 5cm to 
3cm. Had the force varied as the inverse square we would have expected a ratio 


F(at3em) 5^ ,,, 
F(at5em) „2 "mt 


In this region, then, the force is increasing much as it would if the charges were point 
charges, but already the effects of induction are beginning to be felt, i.e. the force 
does not increase quite as much as we would predict from the inverse Square law alone. 


b) As the spheres move closer, at 2cm the force of repulsion between them is rising 
At about 1.4 cm the force of repulsion begins to fall rapidly as a result of the induction 
described in (2) and (3) above. At a separation of 1.2 cm the attraction due to inductive 
effects equals the repulsion of the two net charges. At this separation, the net force is 
zero as shown on the graph. 


The graph in the text ends at a separation of 1.2cm. As the Spheres approach still 
more closely, the force reverses sign and becomes more Strongly one of attraction. In 
the idealization that A is a point charge, the attractive force would become infinite. The 
actual attracting force would stop rising as the spheres touch. After they touch, charge 
will flow between them, and the character of the force changes radically. The students 
need only understand the role of the two effects: the repulsion of the net charges vs. the 
attraction due to induction. 


i 
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PROBLEM 8 Why was it possible to ignore the changes in mass 
of the spheres used in the Millikan experiment 
when they picked up ions? 

(a) Compute the maximum mass of an ion 
made of an O; molecule which has lost a charged 
fragment. 

(b) What fraction of the mass of the sphere is 
one such ion? 


In this problem, and in Problem 15, the point is that in ordinary macroscopic charged 
bodies most of the atoms or molecules are neutral. In the Millikan experiment the 
changes in charge can be accounted for by the gain or loss of one, or at most a few, 
charged molecules (or ions). Since a drop or sphere is made ùp of an enormous number 
of molecules thé change in mass is negligible. 


3) The mass of an ion formed by loss of a fragment from an 95 molecule is, at most, 
equal to the mass of an 95 molecule. 
1 mole of 05 molecules, i.e., 6X Nae 05 molecules, has a mass of 32 grams (the 


molecular ‘‘weight’’ of O9). The mass of a ie molecule is then: 


mags-ot Ole 32 gram 8, 6 X 107? molecules e5x19 23 : 
2 mole mòle e E 


b) The ratio of this to the mass of the sphere is 


-23 
BX10.— grams, 2x10 |), which is clearly negligible. 
3X10 grams 


PROBLEM 9 Suppose we measure the speed of the standard 
plastic spheres (weight 2.8 X 10-** newtons) be- 
tween the plates of a micro-microbalance and find 
it is three halves of their speed under gravity 
alone, 
(a) What is the electrical force on them if they = 
are moving upward? 
(b) If they are moving downward? 


This problem reviews the method of measuring electrical forces used in the Millikan 
experiment. The driving force resulting from the electrical force and the gravitational 
force causes the plastic sphere to acquire a velocity in the direction of the driving force 
and proportional to it. 


a) If the sphere moves upward with a speed 2 that of its fall ee gravity alone, the 
driving force is upward and of magnitude 5 3x dq -4.2X n , newtons. This requires 
that the electrical ante: be upward, and 4 magnitude 4.2 X 107+ 4 newtons + 2.8 X jo 
newtons = 7.0 X 19! * newtons. 

b) If the sphere moves downward at a speed 3 that of its fall under gravity, the added 


1 1 -14 
electrical force must be downward, and 2 X weight,or pi X 2.8 X 10 newtons = 


14X107* newtons. 


E 


PROBLEM 10 The following table gives possible data on the 

e motion of the same plastic spheres used in 
| the Millikan experiment described in Sections 
| E ; 28-4 and 28-5. 


| | Distance moved in 10.6 Electric force exerted on 
| seconds, in millimeters the charge added to the 


| (4- indicates rise and sphere since balance, in 
— fall) units of 10-'* newtons 
+ 0.96 T 2.68 
= 1.98 - 5.54 
+ 1.00 + 2.80 
+ 3.00 + 8.40 
— 0.98 OH 
— 4.01 zs 


(a) What are the forces in units of the smallest 
force? Since force is proportional to charge, 
what are the charges in units of the smallest 
charge? ; 

(b) How many balancing batteries in series 
were used in this experiment, assuming the plates 
are at the same separation as in Sections 28-4 
and 28-5? 

(c) How many elementary charges were on the 
sphere in balance? 


f 3) This problem gives a set of data for a Millikan experiment from which we can 
, calculate the force on the elementary charge. It is essentially identical to the example 

wl ' discussed in the text. The solution is contained in the following table along with the 

| ' ^ data. The ratio of the distance moved in 10.6 seconds to the distance of fall in 10.6 


1 " ‘seconds under gravity alone is equal to the ratio of the net force to the weight (2.8x19 14 
newtons) since terminal velocity is proportional to driving force. This enables us to 
calculate the net force. By subtracting the force of gravity, we find the electrical forces. 
By inspection we pick out the maximum common denominator of these forces and assume 
(tentatively) that this represents the force on an elementary charge. The ratio of S 
electrical forces to the latter should give us the charges. 


H 


Force in terms of 


Distance moved Driving Electrical smallest force, and 
in 10.6 seconds : force * force number of charges 
1.00 mm down (gravity alone) 2.80 X10 4 newton none - 
> (given object) 

0.00 mm (balanced charge) 0 2.80 x 19 14 nt (up) 1 

0.96 mm (up) 2.69 x10  nt(up). — 5.49 x10 l nt (up) 2 

1.98 mm (down) _ 9&4 X10 ^ nt(down 2.74X10 !nt(down) 1 negative 

1.00 mm (up) 2.80 X10 7 mt(up ^ 5.60 X 107 nt (up) 2 

3.00 mm (up) 8.40 X ipid nt (up) 11.2 x 10^ nt (up) 4 

0.98 mm (down) 2.04 X10 nt(down) 0.06 X 10 nt (up) 0 
4.01 mm (down) 11.2 X10 Ünt(down 8.4x10 ! fnt (down) 3 negative 


The maximum common denominator seems to be about 2.8 x 19714 nt. 


b) We wish to compare the number of batteries used to balance the original charge in 
this experiment with the number of batteries used in the experiment described in the text. 


n——————————————————————— 
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Assuming that the least charge observed was indeed one elementary charge, the fact that 
the force per elementary charge is twice as large in the data of the problem indicates 
that twice as many batteries were used at the same separation. This would indicate that 
six 90-volt batteries were used. 


c) As shown on the second line of the table the initial charge was equal to one elemen- 
tary charge. ra oa a aa 


PROBLEM 11 Only one of several identical metal spheres is 
charged. The charged sphere A experiences a 
force F = 1.0 x 10-* newtons when placed mid- 
way between certain charged parallel plates. 

(a) Sphere A is then touched to one of the un- 
charged spheres (B). What force does A now ex- 
perience when placed between the same plates? 

(b) A is touched to another of the uncharged 
spheres (C). What force does A now experience? 

(c) What force is exerted on sphere B when it is 
between the plates? On sphere C? 


This problem requires an application of two basic ideas: 


(1) The force which acts on a charged object placed.in a uniform electric 
field, is proportional to the charge on the object. (Note that in a uniform 
field, there is no net force acting on an induced charge distribution. ) 


(2) Charge is conserved, so that if a charged sphere is connected to an 
identical uncharged sphere, each will end up with one half of the initial 
charge (in the absence of induction effects by other charged bodies which 
could make the sharing unequal). 


a) When the charged conductor A is touched to an identical uncharged conductor B, 
each takes one half the initial charge on A. The force on A between the charged plates 


is half as large as initially, i.e., 5.0 X 10^? newtons. 


b) If A is touched to another identical uncharged sphere C, its charge is again divided 


in half, and the force is again reduced in half to 1/4 X 1.0 X 104 newton = 2.5 X 10? newtons. 


c) Since sphere B has the same charge as sphere A, [in part (a)] it will be subject to 
the same force, 5.0 X 10? newtons. Sphere C has the same charge as sphere A [in part 


-5 
(b)]. Hence it will be subject to a force 2.5 X 10 newtons. 


PROBLEM 12 In a Millikan experiment we connect three bal- 
ancing batteries in series to the plates so the elec- 
tric force adds to the gravitational force. What 
will be the velocity of the plastic sphere? 


When one *'balancing battery” is connected to the plates, the electrical force must 
be up and of magnitude equal to the weight. If we now connect three such batteries in 
series, and reverse the connection so that the electrical force is down, the electrical 
force is increased by a factor of three, so that it is equal to three times the weight. 
Including the weight of the sphere, we get a driving force equal to four times the 
weight. Therefore the velocity of fall is four times as large as the rate of fall under 


gravity alone (4 mm per 10.6 seconds). 

This problem is a reminder of the experimental results discussed in the text: the 
electric force on a charge between parallel plates is directly proportional to the number 
of batteries connected in series to the plates, and the small spheres acquire velocities 
directly proportional to the ‘‘driving force”. 
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PROBLEM 13 


Two large metal plates are separated by 0.10 m. 
They are connected to the terminals of a bat- 
tery. A small charged ball halfway between them 
experiences an electric force of.3 X 10-* newtons. 
The plates are now moved apart until the sepa- 
ration is 0.15 m. The same battery is connected 
to them. 

(a) What force now acts on the ball? 

(b) If we add two more identical batteries in 
series at the new separation, what is the force on 
the ball? 


The electric force field between parallel plates varies directly with the number of 
batteries (in series) and inversely with the separation. 


3) The separation is increased by a factor of E so that the force is reduced by a 


10 
factor of 15 
10 


= 2x10 * newtons 


b) The number of batteries is tripled, resulting in a threefold increase in the force 


15 X3X10 
-4. -4 
to3X2X10 -76*X10 ~ newton. 
PROBLEM 14 


to plates 


sliding contact 


[s 
CCC 


You can use the Millikan apparatus to measure 
the strength of batteries. We have found that 
we can double the force on a charged plastic 
sphere between the plates by connecting two iden- 
tical batteries in series. This evidently puts 
double the charge on the plates. In general we 
can get any whole-number multiple of the force 
(and of the charge on the plates) provided by a 
single battery by connecting the correct number 
of identical batteries in series. 

Fractions of a single battery can be obtained 
by using a “potentiometer” (a kind of battery frac- 
tionator). We can connect a uniform poorly con- 
ducting wire across two batteries as shown in 
Fig. 28-34. The connection to the plates is then 
made with the movable contact C. We find the 
interesting result that when C is at the middle of 
the wire the plates are charged as though only one 
battery were connected. 

(a) When the slide wire is connected across 
three batteries, where should C be placed to give 
the effect of one? 

(b) of two? 

Kc) Suppose it were connected across one bat- 
tery. How would you get the effect of half a 
battery? 

(d) Why is it necessary that the slide wire be 
uniform? 


The solution of this problem involves an extension of the experimental observation 
cited in the problem statement. The reasoning goes something like this: 


When two batteries were connected in series by a uniform, poorly conducting wire, 
it was found that the plate-charging effect of a battery tapped by two wires, one connected 
at one end and the other in the middle, was equivalent to the effect of one battery. Since 
the wire was uniform, we can assume that if we row tap a length of wire equal to one 
half of either of the two original halves (thus one quarter of the wire), the charging effect 
thus obtained would be equivalent to one half that obtained from one battery. We can, in 
fact, reasonably assume that the uniform wire provides us with a linear distribution of 
the charging-effect of whatever number of batteries the wire bridges. (Note that this 
assumption could not have been made, based solely on the uniformity of the wire. The 
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reason for this is that there might be an asymmetry in the charge that is transported. 
An asymmetry does occur, for instance, in a gas discharge tube where, in spite of uni- 
form geometry of gas and electrodes, the voltage is far from uniformly distributed.) 


a) It should be placed so as to tap one-third of the length of the wire. 

b) Tap two-thirds. ; 

c) Tap one-half the wire. 

d) If the wire were not uniform we could not argue from symmetry as we did above. 


PROBLEM 15 A plastic sphere of mass 3.06 X 10-'* kg is in an 
electric force field which exerts an upward force 
of 1.00 x 10-** newtons on each positive electric 
particle. The electric force exerted on the 
sphere is sufficient to balance the force of gravity 
on it. 


(a) What is the excess of electric particles on the 
sphere? 

Suppose that each molecule has a mass of 
3.00 x 10-75 kg. i 
(b) How many molecules ‘are there in the 

sphere? 


(c) What fraction of the molecules in the 
sphere have lost or gained an elementary charge? 


This problem emphasizes, as does Problem 8, that in macroscopic charged bodies 
only an exceedingly small fraction of the atoms or molecules have lost or paired a charge.' 


a) Since the sphere is balanced, the electrical force must be equal in magnitude to 


the force of gravity (mg - 3.08 x 10 ° kg x 9.82, = 3.0 X 10 ^^ newtons). 
sec 


14 


Since the force per elementary charge is 1.00 X 10 ^ newtons there is an excess of 


3 positive electric particles. 
b) The sphere, even though quite small compared to familiar objects, still contains 
an enormous number of molecules: ' 


mass of sphere - (no. of molecules) X (mass of one molecule) 


3.06 x 19 IP kg = (no. of molecules) X (3.00 X 10 ^^ kg). 


Number of molecules = 1.02 X 1027, 11 
PRIN Se 1.02 X 10 
c) We can account for the net charge on the sphere if one molecule in ETIAM 
3.4 X 1910 has gained or lost one elementary charge. 
PROBLEM 16 A sphere of mass 4.5 X 10-* kg is hanging on a 


string 2.0 meters long between two oppositely 
charged parallel plates as shown in Fig. 28-35. 
At equilibrium the ball has been pulled 2.0 cm 
from its original position. 

(a) What is the magnitude of the electric force 
on the sphere? | 

The electric force field between the plates is 
3.0 x 10-1 newtons per elementary charge. 

(b) What is the excess of electric particles on 
the ball? 
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This problem involves the quantitative 
evaluation of a moderately large charge on 
an electrified object by measurement of the 
electrical force exerted on it by a set of 
fixed charges, i.e., the charges on parallel 
plates, the force on a unit charge being è 
known. The electrical force on the body is 
measured by comparing it with its weight 
in a kind of balance. 


A = j T fs 
electrical SR TUMOR 
force 
ep 
| B 
I / > e 
ly F. = gravitational De 
| force 
/ | 
VN 
AB = 2.0cm 
AC = 200cm 
BC -y 200? - 2.02 cm aj 200 cm. 
By similar triangles Fe =AB__2cm 
F g BC 200cm’ 
F,7 mg= 4.5 x 10 3 kg x 9.8 5 = 44X 10? newtons, 
sec 


2 -2 n 
Fo*290 7 449010 ue = £110: * uewtons: 


The use of a pendulum balance is a simple and neat way of measuring a force which is - 
rather small in comparison to available weights. 


Given that the electrical force on an elementary charge is 3.0 x16 14 


44x10 * 


Pip 
“ja = 1.5X10 times larger. Hence, there is an excess 


newtons, the 
observed force here is 
10 3.0 X10 


of about 1.5X10 elementary charges on the ball. 


PROBLEM 17 The mass of an electron is 9 x; 10-31 kg. | 


(a) What is the gravitational force of attrac- 
tion between two electrons at a distance of 1 
meter? 

(b) What is the electric force of repulsion? 

(c) What, is the ratio of electrical to gravita- 
tional forces? 

(d) What is the electric force of repulsion and 
the gravitational force at 0.5 meters? 

(e) How has the ratio changed? 


This problem illustrates the smallness of gravitational forces compared to electrical 


Parone 
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forces between subatomic particles. : 
a) From Section 22-10 of Part III, the gravitational force is 


m Xm 3 -31, .? 
p 260—9,—5-0.607x19 10 m. «(9X10 kg 545 19771 newtons, 


2 
E r kg ec. (1m) 
b) The electrical force between the electrons is 
d m 2 2 
F =k A e 23x19 29. newton-m x (elem charge) stg 
É (elementary charge) x —Em 


2.3 X 10 7 newtons. 


c) The ratio of the electrical repulsion to the gravitational attraction between elec- 
trons is therefore: 


-28 
x 
E . 2.3 — newtons _ 4.3 X 1042. 
g 5.410 newtons 
d, e) Since both gravitational and electrical forces vary as the inyerse square of the 
distance, halving the distance increases both forces by a factor of 22 = 4, leaving the 


ratio of the two forces unchanged. 
FQ74X2.3X10 


Ez 


28 


ss newtons = 9.2 X10 ^ newtons. 


a ŘŮĚŮ 


F = 4X5.4% 1077! newtons = 2.2 X 107"° newtons. 


PROBLEM 18 


We have two hollow metal spheres, one slightly 
larger than the other. The bigger sphere is made 
so that it can be taken apart into two hemispheres 
by means of two small insulating handles (Fig. 28- 
36). Each sphere is originally charged exactly 
the same amount, as can be verified by noticing 
that each exerts the same force on a third charged 
body. Then the big sphere is taken apart with- 
out discharging it, and fitted together around the 
little sphere. 1 

(a) When the combined sphere is now placed 
the same distance from the third charged body, 
what force will it exert? 

(b) Is your answer consistent with the experi- 
ments on charge sharing? 


This problem is not difficult, and is of interest because it bears on the electro- 
static shielding discussed in Chapter 27 and in the movie **Coulomb's Law”. However, 
a thorough discussion may take more time than you have available. 


a) The force exerted on a third charged body by the combined spheres is due to the 
total charge, and is therefore the sum of the forces exerted by each sphere separately. 
This is true whether the combined spheres are sized so that they are concentric and 
touching, or are concentric but not touching. As we shall see in the answer to part (b) 
the total charge may be distributed on the spheres in different ways due to induction. 
This induction gives rise to the phenomenon called shielding. However, there should 
be no doubt that the electric effects penetrate the hollow metal sphere and that the total 
force is simply due to the total charge, however it may be distributed. 
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b) In the case of concentric and touching spheres, it is not hard to see that the above 
answer is consistent with charge-sharing experiments. The excess charge of the inner 
sphere is simply transferred to the outer surface of the outer sphere, leaving the inner 
sphere neutral and twice the original charge on the outer surface of the outer sphere. 


Third 
Charged 
Body, C 


The case of concentric but non-touching spheres is more difficult, and the details 
need not be completely understood at this level. A Sphere A with a charge +q is placed 
inside a conducting sphere B which also has a charge +q. The inner sphere attracts 
negative charge to the inside of the outer sphere by a process of induction. Because 
of the inverse distance-squared nature of Coulomb's law, the charge attracted is just 
-q. Since the outer sphere has net charge +q, this leaves a charge +2q on its outer sur- 
face. The electric force on a third charged body, C, outside the outer sphere is a sum 
of three terms: force on C by *q on A; force on C by -q on the inside of B; force on C 
by *2q on the outside of B. The first two forces exactly cancel. It turns out, though 
the proof is involved, that théy cancel even if A 1s not at the center of the outer sphere. 
The only force remaining is due to the charge *2q on the outside of the outer Sphere. 


The fact that the forces from A and its induced charge cancel means that A can be 
moved around without a resulting change in the force on C. C is said to be shielded 
from A, and A from C. This does not mean that the charge on A exerts no force on 


the charge on C. It does. But this force is exactly canceled by another equal and' 
opposite force. : 


PROBLEM 19 


ted chamb 
A thin layer of radioactive material emitting beta Cee A ital 


particles is painted on a small conducting sphere. 
The sphere is then hung on an insulating thread 
in an evacuated chamber (Fig. 28-37). 

After 50 days we measure the charge on the 
sphere and find it to be 4.32 x 1019 positive 
elementary charges. (The sphere has been kept 
in an evacuated chamber, so very few charges 
have leaked off.) In a Separate experiment with 
a Geiger counter we find beta Particles shooting 
Out at the average rate of 1.00 x 10* per second. ` 

(a) What is the charge of one beta particle? 

(b) What do you think beta particles may be? 


radioactive source 


' 


small sphere 


) Since the sphere is charged positively, the beta particles must carry a negative charge. 
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a) The number of beta particles 
= rate of emission X time 


| 4 beta particles 24 hours ,, 3,600 sec) 
= x Dose daa Dua Dt Ann 
1.00 X 10 ; x (50 days X j x 1 


= 4.32 X 1919 heta particles emitted in 50 days. 


The total charge carried by the beta particles was 4.32 X ior? elementary charges 


(negative), the same as the number of particles found in part (a). Therefore each beta 


particle carries one negative elementary charge, just as an electron does. 


b) Before we jump to a conclusion identifying beta particles with electrons, other 
properties (e.g. mass) will have to be compared, but this experiment gives us one 


reason to entertain this hypothesis. 


12 
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Chapter 29 — Energy and Motion of Charges in Electric Fields 


Chapter 29 has two major parts. Part A considers the kinetic and potential energies 
of individual charged particles in electric fields, and introduces the concepts of current, 
EMF, and potential difference. Part B turns to a more detailed consideration of energy 
flow in electric circuits, both ohmic and non-ohmic. Throughout, the major concern is 
with the motion of elementary charges. Even in Part B, the concern is not with circuits 
per se. While the text provides a single sturdy base for the analysis of electrical devices, 
a detailed treatment of Ohm’s law and associated problems is aside from the main pur- 
pose of the course. 


As noted in the text, Ohm's law describes current flow only in a very special (but 
technologically very important) case — that of electronic conduction in metals at con- 
stant temperature. It would be a serious error to consider the development of this 
chapter as ‘‘leading up” to Ohm’s law as a climax. Instead, Ohm's law is properly 
considered as a by-product,having first thoroughly treated the effect of electric fields 
on individual elementary charges. 


In the same vein, batteries in this chapter are essentially ‘‘black boxes’’ which fur- 
nish a constant amount of energy per unit charge. Our atomistic approach tells us 
something about what must be happening in the way of charge-exchange reactions within 
the cell, but we are not specifically concerned with the chemistry of the cells or with 
the design of practical batteries. 


With reference to currents, we are not concerned primarily with an analysis of what 
we ordinarily call ‘‘D.C. circuits". We are interested in currents as a manifestation 
of the fact that elementary charges move in a predictable manner under the action of an 
electric field. We shall need this concept of currents and moving charges to discuss 
magnetic interactions in the next chapter. Otherwise, this subject is not particularly 
important to the continuity of the volume. 


CHAPTER SUMMARY 
PART A — Moving Charged Particles i 
Sections 1 and 2. When a charged particle moves in a constant electric force field, the 


work done by the field causes an equivalent change in the kinetic energy of the particle. 


The mass of the particles can be determined by measuring the speed achieved by par- 
ticles of known charge traveling a fixed distance in a constant field. This method is 5 
0 


-92 Es 
used to determine the mass of the proton (1.7 X 10 T kg) and the electron (0.91 X 10 
A simple planetary model of the hydrogen atom is considered (with the proton for the 
sun, and the electron for the planet. 


kg). 


Sections 3 and 4. The electric current in a circuit is seen to be comprised of the total 


number of positive charges passing per unit time in one direction plus the total number 
of negative charges passing per unit time in the opposite direction. The total steady 
current must be the same at any point in a closed circuit. The number of elementary 
charges flowing can be determined by measurement of the mass transported by ions in 
a solution. 


Sections 5 and 6. Measurements of tne amount of energy transformed into heat when 


moving charges collide with a barrier lead to verification of the previously assumed fact 
that the force exerted by a constant electric field on a charged particle is independent of 
the speed of the particle. Batteries are then seen to be devices which supply a definite 
amount of energy per elementary charge, generally called the EMF of the battery. (A 


270-volt battery supplies 4.34 X o joules per elementary charge.) If batteries are 
connected in series, the total EMF is the sum of the individual EMF's. A battery of 
EMF ¢, connected to a circuit in which a current I is flowing, supplies energy to the 


circuit at a rate I& joules/sec (watts). 
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Section 7. The quantitative definition of the electric field at some point in space is 
introduced as the force on a single positive elementary charge placed at that point. 
The electrical potential energy of two charges separated by a distance r is shown, by 
analogy with the gravitational field, to be 
3135 
U, -k em 


The electric potential drop between two points A and B is defined as the energy the field 
transfers to one positive elementary charge as it moves from'A to B. This potential 
drop is shown to be independent of the path followed by the charge from A to B. 


Section 8. The EMF of a battery derives from the chemical energy released in chemical 
reactions between the constituents of the cell. ‘‘Practical’’ units of EMF, charge and 


E 18 
current,are introduced: 1 volt - 1.6 X 10 "e joules/elem chg; 1 coulomb = 6.25 X 10 
elem chg; and 1 ampere - 1 coulomb/sec. Units of energy are: 1 volt X 1 elem chg = 
1.6 X 10 joules - 1 electron-volt (ev); 1 volt X 1 coulomb - 1 joule. 

Section 9 provides a short, qualitative summary of Part A and indicates some of the 
questions that will be considered in the work ahead. 


PART B — More About Energy and Currents in Electric Circuits 


Sections 10 through 12. When a battery is connected into an open circuit of any sort, 
charges move under the action of the electric field until the potential difference between 
the positive and negative conductors exactly equals the EMF of the battery. There is 
then no electric field inside any conductor. If the circuit is closed, so that a steady 
current flows, electric fields do not vanish inside the conductors, but depend on the 
sizes and shapes of the conductors. The sum of the potential differences around the 
circuit is still equal to the EMF of the battery. Potential differences can be measured 
with an electrometer or a high-resistance voltmeter. According to our previously- 
developed ideas, the kinetic energy acquired by a charged particle moving in a vacuum 
depends only on the charge and the potential difference across the region through which 
the charge moves. This conclusion can be checked experimentally. 


Section 13. With an increase in the potential differen 
Separated by an ionized gas, the current increases, t 
a complicated manner. 

„by a vacuum depends on 
tween them. The curre 
difference. V - RI, the 
is determined by the di 


ce between two metal plates 

hen saturates, then increases in 

The current flowing between two metal plates which are separated 
the temperature of the plates and on the potential difference be- 
nt flowing in a metal is directly proportional to the potential ` 
proportionality constant being defined as the resistance, which 
mensions and various physical properties of the conductor. 


Section 14. Various electric circuits are discussed. In any circuit, no matter how 
complex, the total energy Supplied by the battery must be accounted for by the energy 
dissipated in various circuit elements. This shows that the sum of the potential differ- 
ences around the circuit is always equal to the applied EMF. ` 


SCHEDULING CHAPTER 29 


This chapter presents a great deal of basic material and will 
uire full development 
through class discussion and problem solving. Prim e PUn 

. mphasi 
dynamics of motion of individual elementar Ease he on the 


charges, se By ir- 
pula aaa Obese Ga not on ‘‘practical’’ electric cir 


cheduling suggestions in the 


leave this chapter after completin 
Section 9 and proceed directly to Section 12 of Chapter 31, omitting cereus Picus d 


"Np — ————- 


————— e Ó— 


— 


29-3 
The following table suggests possible schedules for presenting this chapter, con- 
sistent with the schedules outlined in the Introduction to Part IV. Sections which may 


be deemphasized without loss in continuity are enclosed with brackets []. As noted 
before, if time is very short, Part B of this chapter (Sections 10—14) may be omitted. 


15-week schedule 9-week schedule 
for Part IV for Part IV 
Subject Class Lab Exp't Class Lab Exp't 
Period Period Period Period 


Pru 
1 


[11], [12], 
[13], [14] 


RELATED MATERIALS FOR CHAPTER 29 


Laboratory. Experiment IV-5, Potential Difference. In this experiment, students 
measure small potential differences with an electroscope built around a radiation 
*dosimeter'. Note that this experiment comes after experiment IV-6 in the arrange- 
ment of the material of the chapter. ; 


Experiment IV-6, The Charge Carried by Ions in Solution, involves a quantitative 
electrolysis of dilute sulphuric acid, using copper electrodes. This experiment should 
follow Section 4. See the yellow pages for suggestions. 


For Home, Desk and Lab. The following table classifies problems according to their 
estimated level of difficulty and the sections to which they relate. Those which are 
especially suited to class discussion are indicated. Problems which are particularly 
recommended are marked with an asterisk (*). Answers to problems are given in the 
green pages. 


A. Moving Charged Particles 


Class Discussion 
6. 14 


6, 12, 14* 


Films. '*Counting Electrical Charges in Motion", by James S. Strickland, of PSSC, 
Shows how an electrolysis experiment enables one to compute the number of elementary 
charges passing through a circuit in a given time. An ammeter in the circuit is cali- 
brated. The random nature of the motion of elementary charges is demonstrated using 
very weak currents of only a few charges flowing per second. In contrast to the elec- 
trolysis experiment, charges are counted directly one by one as they flow through a 
circuit. Running time: 23 minutes. 


ux 


“Elementary Charges and Transfer of Kinetic Energy’’, by Francis L. Friedman, 
of M.I.T. Electrons are accelerated in a vacuum through a known distance in a known 
electric field between two charged plates. The separation of the plates and the strength 
of the electric field are identical to tne plate separation and the electric field used in the 
film, **Millikan Experiment". The experiment checks the predicted energy acquired by 
the electrons as they traverse the distance between the plates. This is done by measur- 
ing the rise in temperature of the anode as a result of a known current flowing for a spe- 
cific length of time. This predicted total dissipation of energy, when produced by a 
mechanical source, gives the same temperature rise in an identical anode. The elemen- 


tary charges in an electrolysis experiment are shown to be identical to those in a Milli- 
kan experiment. Running time: 33 1/2 minutes. 


Demonstrations. A demenstration of the time-of-flight analog is described in the 
yellow pages at the back of this volume under Demonstrations: A Time-of-Flight Measure- 


ment. A few good demonstrations of practical electrical circuits can contribute to the 
discussion of the last sections. 


Part A - Moving Charged Particles 


Section 1 - Motion of Electrons and Protons in a Uniform Electric Force Field 
Section 2 - The Mass of the Electron and of the Proton " 


ce we can predict the change in kinetic energy (speed) of 
a charged particle on passing through an electric force field, the mass of a charged par- 


asuring the speed achieved by the particle in traversing a % 


CONTENT a. If a particle moves a distance d in the direction of a constant force F, the 


work done, Fd, is a measure of the change in kine 


tic energy, inv?, of the particle. If 
the particle starts from rest, Fd = in? ; 


b. IfF and d are known, and we can measure the speed of the particle, we can directly 
determine the mass of the particle. 
c. The speed of elementary charged particles can 


technique which determines the time taken for them t 
of flight"). 


be measured by an oscilloscopic 
o traverse a known distance (‘‘time 
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d. Accepting other evidence which shows that each proton and each electron carries 
exactly one elementary charge, time-of-flight measurements show the proton mass to 
-27 -30 
be 1.7 X 10 kg 
(more accurately 0.911 X 19 29 kg). 


e. By comparing these masses with each other and with the known mass of the hydro- 
gen atom, we can construct a planetary model of the hydrogen atom. 


kg (more accurately 1.67 X 10 7 kg) and the electron mass 0.9 X 10 


EMPHASIS These ideas are important, but should go over rather easily. The principle 
of the measurement should be stressed, not the details. ^. detailed discussion of the 
planetary model of the hydrogen atom is not necessary at this point; this subject will 

be considered in Chapters 32 and 33. 


CAUTION At this initial stage, in order to avoid obscuring the central points, several 
assumptions whichunderlie the development given in Sections 1 and 2 are not stated ex- 
plicitly. For clarity at this early stage they should not be taken up with the class. Some 
of them come up a bit later in the course. We mention them here so that you may be 
fore-armed if questions arise. 


1) We assume that the electric force acting on a charged particle which is moving 


between two flat metal plates is constant, independent of the speed of the particle. This 
fact is not obvious, but can be verified by experiment. One definitive test is described 


in Section 5, where the increase in thermal energy of a barrier struck by moving charges 
is shown to be equal to the predicted kinetic energy of the charges. This is also shown in 
the film ‘‘Elementary Charges and the Transfer of Kinetic Energy". 


2) We assume that energy conservation holds on a microscopic scale, so that the 
work done on the charged particle does in fact only go into an increase in the particle's 
kinetic energy. This is justified on the basis of its consistency with all the known facts. 


3) We assume that the kinetic energy of the particle is given by the expression > mv". 
This holds exactly only for particles moving with speeds small compared to the speed 
of light. 


We can see the difficulty by considering the motion of an electron across a larger 
potential gradient. Suppose that, instead of using a 90-volt battery in this experiment, 
we had used a 900,000-volt supply. What would be the final speed achieved by the elec- 
tron? As before, we would write 

va claw". 


-13 
Now F would be 10,000 times larger than before, so Fd = 1.44 X 10 joules/elem chg. 
If m = 0.91 X 10 7 kg, we would predict a measured speed of 


-13 
v= JZFd/m- [28810 = 3.1 x 101* = 5.6 x 10? m/sec, 
0.91 X 10 


almost twice the speed of light. Since such a result is inconsistent with the theory of 
relativity, something must be wrong. In fact, measurements of the speed show that it 


is a bit less than that of light. 
The difficulty lies in our expression for the kinetic energy. According to the theory 


AE 
of relativity, the kinetic energy is not simply 5 mv’, but is c (m- m), where c is the 
speed of light (3.00 X 105 m/sec), m, is the “rest mass” of the particle (here 0.911 X 

-30 i2 219 
10 " kg), and m is the relativistic mass (m,/1J1-v /c ). Solving for v, we find 


29-6 


v-2.8x 10° m/sec, close to, but still less than, the speed of light. (At low speeds, of 


course, the relativistic expression for the relation of kinetic energy and speed agrees 
with the Newtonian expression.) 


DEVELOPMENT The time-of-flight experiment to measure the masses of elementary 
particles is completely analogous to the methods used in Chapters 24-26, where we were 
concerned with the energies of macroscopic objects. If we know the force acting on a 
body and the distance the body moves in the direction of the force, we know the work done 
on the body. If energy is conserved, this work must produce an equal change in the 
energy of the body — in this case, in the body’s kinetic energy, since there is no other 
place for it to go. The situation is exactly the same as that for a dry-ice puck or any 
other object accelerated by a constant force. If we know the force, the distance and the 


mass, we can deduce the final speed; if we know the force, the distance and the final 
speed, we can deduce the mass. 


COMMENT The potential difference used to accelerate the ions or electrons determines 
the kinetic energy per elementary charge; it follows that what we measure is the mass 
per elementary charge. In fact, this is all that is determined in any experiment in which 
the motion of charged particles in an electric field (or in a magnetic field or both) is 
observed. All such experiments effectively measure the acceleration in a situation 
where we know the force per elementary charge but not the force on the particle. To 
find the mass itself we need to know the charge from an entirely different kind of 
measurement. For particles as abundant as electrons and protons this can be done 
directly by counting the particles and measuring the charge transported by a beam of 
particles (Chapter 28). For rarer particles, or for individual particles, one must resort 
to less direct methods. For instance, the densities of the bubbles in a bubble chamber 


track and of developed grains in the track in a photographic emulsion depend on the charge 


of the particle which makes the track (the density depends also on the velocity). Indirect 
arguments such as charge conservatio: 


n can also be used. For example, if we observe 
a hydrogen atom to break up into an electron and a proton we infer that the electron and 
proton have equal and opposite charge. 
The results of the mass measurement on the electron, 
atom suggest that a hydrogen atom is made up of a proton and an electron. The analogy 
to a sun and a much lighter planet is obvious, 


particularly since there is a similar, 
d attractive force. This model should be easily grasped and requires no discussion 
at this point. 


the proton and the hydrogen 


The measurement of the velocity of an atomic or subatomic particle by a time-of- 
flight method was preceded historically by methods involvin 


field. This is discussed in Chapter 30 and should not be di 
you plan to use Chapter 30. It may be interesting to know that time-of-flight measure- 
ments are used frequently in nuclear physics. In the discovery of negative protons, for 


instance, these particles were distinguished from other negative particles, and their 
mass determined, by observing the time of fligh 


This determination of Speed is identical to the o 
(this happened to be deflection in 
the mass per unit charge, and it was necess 
carried one and only one elementary charge 


QUIZ PROBLEMS 


1) A body is accelerated fr 
distance of 2.5 meters 


om rest by a constant force of 2.0 newtons, acting for a 


$ ` 


a. Ifthe body has a mass of 3.0 kg, what is its final speed? (1.8m/ sec.) 

b. How long does it take for the body to cover the 2.5-meter distance? (2.8 sec.) 

c. If another body, accelerated by the same force for the Same distance, achieves 
a final speed of 120 m/ Sec, what is the mass of this second body? (6.9 x dot kg.) 
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2) In the experiment described in the text in Figure 29-1, the distance between the 
plates is changed from 9.3 mm to 18.6 mm. The 90-volt battery is still connected. 
What is the final speed achieved by a proton in crossing between the plates? (1.31 X 


10? m/sec. ); by an electron? (5.6 X 10° m/sec. ); by a singly-charged oxygen ion 
5 
(mass 16amu)? (0.33 X 10 m/sec.); by a doubly-charged oxygen ion? (0.47 X 10? m/sec.) 


Section 3 — Electric Current 
Section 4 — Electrolytic Measurement of Electric Currents 


PURPOSE To provide a quantitative definition of an electric current in terms of moving 
elementary charges, and to show how currents can be measured bv electrolysis. 
CONTENT a. Electric currents consist of elementary charges in motion. The direc- 
tion of the current is defined as the direction of motion of positive charges. 


b. The total current is the sum of the number of positive charges passing per second 
in one direction plus the number of negative charges passing per second in the opposite 
direction. 


c. In a closed circuit under steady state conditions, no net charge accumulates at any 
point in the circuit. This implies that the total current must be the same at any point 
jn the circuit. 


d. The mass of an element deposited in an electrolytic cell is shown to be directly 
proportional to the amount of charge transportéd across the cell. Quantitative measure- 
ments show that the charges carried by ions in solution are small whole-number mul- 
tiples of the elementary charge. Thus a measurement of the mass deposited per second 
in an electrolytic cell determines the current in the cell. 


EMPHASIS Students should grasp the concept of an electric current as comprised of 
moving elementary charges. However, unless this course is integrated with one in 
chemistry, the details of the electrolytic reactions need not be stressed. If time is 
short, Section 4 can be skipped or covered entirely in conjunction with Experiment IV- 6. 


DEVELOPMENT It probably will be useful to go through a blackboard discussion of the 
relation between the motion of charges and the current in various parts of a circuit. 

In doing this it will be wise to use a circuit in which the current is carried by different 
charges in different parts of the circuit. For example, one can insert the apparatus of 
Figure 29-1 into the circuit of Figure 29-8, as shown in the sketch below. The polarity 


SSAA S NS 
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of the battery in our sketch is reversed from that in Figure 29-8. (Note that no charge 
is injected into the circuit by the spark coil.) Assuming that the ions in the electrolytic 


6 
cells are all singly charged, and assuming that a current of, say, 10 elementary charges 
per second flows around the circuit clockwise, at what rate do various charged particles 
cross surfaces 1, 2, 3, 4, and 5? The answers are: 


(1) 10° positive ions, each carrying one elementary charge, cross from the liquid to 
the cathode each second. The current flows from right to left. 


(2) 10° electrons per second cross from left to right, opposite to the direction of the 
current. 


(3) 10° protons per second cross from the left to the right, in the same direction as 
the current. 


(4) 109 negative ions cross this surface per second from the liquid to the anode, 
opposite to the direction of the current. 


(5) Negative ions cross the surface from left to right and positive ions from right to 
left. All that can be said is that the rate at which negative ions cross and the rate at 


which positive ions cross add to 10° per second. This could be, for example, 400,000 
negative ions and 600,000 positive ions per second or 700,000 and 300,000 or any other 
combination. The direction of the current coincides with the direction of motion of the 
positive ions. (In the above, we have assumed that the ions present are singly charged.) 


* * * 


Someone usually raises the question of the sign convention in currents. For better 
or worse, a long time ago it was decided to call the charge of a proton positive and that 
of an electron negative. The only reasonable convention regarding currents is one that 
a current flowing into a region shall be defined as positive if it increases the net positive 
charge (or decreases the net negative charge). This implies that a current carried by 
negative charges (such as electrons) is opposite to the motion of these charges. 


Nature has apparently provided an equal number of positive and negative electric 
charges in the universe. Under some conditions (e.g., ionic conduction in solid salts), 
electric currents are carried predominantly by positive charges. Under other conditions 
(e.g., electronic conduction in metals), the current is carried by negative charges. In 
some cases (e.g., in p-type semiconductors), the current is actually carried by negative 
charges, but it is more convenient to picture the conduction process in terms of positive 


charge carriers ("holes"). In any event, with the spectrum of electrical phenomena 
which must be described, there is nothing to be gained by reversing our present arbitrary 
definitions of + and -, although there have been frequent proposals to do just this (usually 
from those who are concerned principally with electronic conduction in metals and 
vacuum tubes). 


rge (see Problem 12, Part A). This is 


QUIZ PROBLEM 


An electric current is passed for 1 minute through h 


ydrochloric acid (HCl) At the 
negative electrode, a total of 20 milligra: 


ms of gas is collected during this time. What 
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20 


is the average current which flowed through the cell? (210° elementary charges/sec. ) 


Section 5 — Experimental Checks: 
Energy Transfer; Electric Force; Elementary Charges 


PURPOSE To show that the assumptions made previously can be verified (e. g., that 
all elementary charges are the same, that the force on a moving charge is independent 
of its speed) by directly measuring the kinetic energy carried by a beam of moving charges. 


EMPHASIS While it is important to see that these assumptions have an experimental 
base, extensive class discussion should not be necessary. 


DEVELOPMENT This section can be discussed in conjunction with Problem 12, Part A, 
in HDL. Itis only by a quantitative comparison of the results of electrolytic measure- 

ments and measurements on accelerated charges that we can assert that all elementary 
charges are in fact indistinguishable except for sign. : 


Be sure to consider the similarity between this heating experiment and that in 
Section 6. See the Guide for the next section. 


Section 6 — Batteries as Energy Sources; Energy Supplied per Elementary Charge 
PURPOSE To define the EMF of a battery as the energy supplied per elementary charge. 


CONTENT a. A battery is basically a device for converting stored chemical energy into 
electrical energy. 


b. A battery supplies a fixed amount of energy pe elementary charge to a circuit; 
for example, a 270-volt battery supplies 4.34 X 39s joules/elementary charge. 

c. The energy supplied by a battery to each elementary charge (defined as the EMF of 
the battery) in an ion beam accelerated from one parallel metal plate to another, is inde- 
pendent of the distance between the plates, the area of the plates, and the amount of cur- 
rent flowing. 


d. If batteries are connected in series, the total EMF available to the circuit is the 
sum of the EMF's of the individual batteries. 


e. A battery of EMF, &, through which a charge q flows, supplies a total energy q8; 
if the current (charge per second) flowing is I, the battery supplies power (energy per 
second) at a rate I6. If Iis measured in elem chgs/sec, and é in joules/elem chg, I5 
is in joules/sec (watts). E 


EMPHASIS These ideas are important, but should go rather easily. The section can be 
treated entirely as a reading assignment. Unless this course is integrated with chemistry, 
it will be wise not to discuss the detailed chemical reactions which occur in actual ^ 
batteries. It is sufficient for our present purposes to consider batteries simply as ‘‘black 
boxes'' which supply a fixed EMF. 


It will be helpfulto point out the similarity between the basic experiment is Pee 5 
and that shown in Figure 29-12 of this section. In the first, electrons are allowe a 
gain all the kinetic energy supplied them by a battery hooked between two Rud re 
then allowed to smash into a metal plate, and the energy delivered is measured by e 
temperature rise in the plate. In Figure 29-12 the battery again supplies ee to 
electrons, but this time instead of accelerating across a vacuum and hitting a MEA 
they move through a metal resistor, transferring any energy gained to the metal atoms i 
in collisions (See Section 29-13 C). This leads to a temperature rise which is pers : 
In both cases the battery was the ultimate energy source; the energy was given to the 


electrons; they were slowed down by a material which warmed up. The difference was 
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only in the behavior of the electrons — and the logical use to which the results were put. 
QUIZ PROBLEMS 


1) One 90-volt and two 45-volt batteries are connected in series. What are the maxi- 


-17. 
mum and minimum values of the EMF of the combinations? (2.9 x 10 Tjoules/ elem chg; 
0) 


2) A 270-volt battery supplies a constant current of 197? elementary charges/second 
circuit for 1 hour. By how much has the chemical energy of the battery changed? 


(Decreased by 1.56 x 104 joules.) This neglects heat absorption and release which always 
accompanies such a process. 


Section 7 — Electric Field and Electric Potential Difference 
PURPOSE To introduce the concepts of electric field and ele 
terms of interactions between elementary charged particles. 


CONTENT a. The electric field vector E is defined as the force on a single elementa 
positive charge; the electric force F on a body carrying q elementary charges is F = qk. 


b. From Coulomb's law, the electric field at a distance x from d elementary charges 
grouped at a point is E= kq,/x^, pointing radially away from q» 


ctric potential difference in 


c. Two point charges, E" and d». Separated by a distance r, have an electric potential 
energy V = kq,q,/r. 


d. The electric potential energy per unit charge is defined as the electric potential V; 
for a point charge LU the potential V = kq,/ r. This is equal to the kinetic energy which 


would be gained by a unit charge in going from r to infinity. 


e. The change in electric potential energy when an elementary charge is moved be- 
tween two points is called the potential difference between those points. 


Í. The potential difference depends only on the initial and final positions of the 
elementary charge, and is in 


dependent of the path taken by the charge in moving be- 
tween the two points. 


The idea that the electric force on a charged body is 
ge on it has been used before, in the microbalance 


of this chapter, and elsewhere. All that should be re- 


quired here is to recast the situations in terms of the definition o 


For example: 


1) What is the electric nu between the accelerating plates in the apparatus shown in 
-15 
Figure 29-1? (1.58 X 10 ^? newtong per elementary charge, directed from the 4 to - plate. 
2) What is the electric field, in the aj 


d pparatus of Figure 29-2, in the region to the right 
of d b plates? (0, since the force on an elementary charge is zero in that 
region. 


3) What is the electric field at a distance of 19710 m from a proton? (2.3 x 10 9n] 


E therm s 
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elem chg, directed away from the proton.) What is the electric field at a distance of 
19: m from an electron? (2.3 X 10 9gt/ elem chg, directed toward the electron.) 


Electrical Potential Ener of Two Charges 


The idea of electric potential energy should be developed fully. Here, as elsewhere, 
it is necessary to talk in concrete terms, illustrating the situation in terms of actual 
motions, pushes and pulls. If the subject is discussed in the abstract, without reference 
to concrete examples, many students will fail to get a real understanding of the nature 
and uses of the idea of potential energy. 


Two objects with like charges repel each other. If we push them together, we have 
to do work. What happens to the energy supplied? Is it lost? Suppose one of the 
objects is held in a fixed position, and the other is projected with some given initial 
velocity directly toward the first. Assuming no other forces act, the electric force of 
repulsion slows the moving object down. What happens to the kinetic energy which is 
lost as the body slows down? Can we get it back? It should be possible for students to 
supply their own answers, based on their experience with similar situations in which 
forces depend only on the separation. 


From this kind of discussion we come to the conclusion that, for like charges, there 
is an electric potential energy which increases as the two bodies move closer. How do 
we calculate the magnitude of the change in potential energy? We must find the work 
done by the electric force. If the force between the two bodies was constant as they 
moved closer,we would simply multiply the force by the displacement along the force 
(i.e., the displacement along the line between the two charges; this is just the change 
in the distance between the charges). But the force is not constant. How do we find 
the work when the force is not constant? How did we do this for the force of a spring? 


q, 4, 
We must find the area under the curve of the force (F = k LE as a function of the 
£ 


distance, r, between the initial and final separations r, and ro. You may not need to 


elaborate on this procedure if it has already been discussed thoroughly in Part III. In 
that case, it should be sufficient here to state the result. 


If you need to, you can take a specific example, say 4, = d ^ 1 elementary charge, 


r, 7 1 meter, r, = 2 meters; and draw, or ask students to draw the force-distance 


2 
graph and find an approximate answer for U, to be compared with the result given by 
the formula. E 


Using the above expression, we can compute the force at several separations, and 
draw the graph of force-distance for this example. 


At r=1 meter, F=k*4*=1.0k. 
1 


x 
At r= 1.125 meters, F= p LX. 0.79k. 


Atr 


1.375 meters, F=k 3 0.529k. 


Atr 


1.625 meters, F=k 


At r= 1.875 meters, F = 


x1 
At r = 2.0 meters, F = k 15 = 0.2. 
2 
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We can divide the area under the curve into rectangles whose total area approximates 
the area under the curve. In this example, it is convenient to divide the area into four 
rectangles. 


1xXk 
.8 Xk 
16x 
-4Xk 
2 Xk 


Now we can compute the work done in each interval and find the total work (the 
sum of the area of all four rectangles). In each case W= Fd. 


For rectangle 1, AW = FAr- .79k x .25 = 198k. 
For rectangle 2, AW, = FAr = .529k X .25 = .139 k. 
For rectangle 3, AW, = FAr = 378k x .25 = .094k, 


For rectangle 4, AW, = FAr = .284k x 25 = -O71k. 
Adding, W= .495k. 


Using the equation for potential energy with this example, we get 


4,4 q. 
AU, = y M eTA piki kixi. 9 sony 


ri To 1 


If the area were divided into smaller and 


smaller rectangles, the sum of their 
areas would come closer and closer to .500. 
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charges of opposite sign, the potential energy must be negative for finite distances of 
separation. 


If the idea of a negative potential energy is hard to swallow, one can point out that 
it is only changes in potential energy that are important, the value of the potential energy 
at a given point, by itself, has no physical significance. This can be illustrated with 
a simple example. We drop a 2-kg object from a height of 10 meters above the ground. 
What is its kinetic energy just before it hits the ground? We would probably choose 
ground level as the zero of potential energy. The initial potential energy is then: mgh, - 


2 X 9.0 X 10 = 196 joules. * The final potential is zero, so the kinetic energy gained is 
196 joules If we now dig a hole 10 meters deep and drop the object into it from ground 
level, we have: initial potential energy — 0, final potential energy - mgh, =2X9.8X 


-10 = -196 joules. The kinetic energy gained equals the decrease in potential energy. 
This is 0 - (-196 joules) = 196 joules, as before, The only significance of saying that 
the potential energy at the bottom of the hole is -196 joules is the fact that this is 196 
joules lower than at ground level. It would take 196 joules of work to raise the 2-kg 
mass to the arbitrarily chosen zero potential energy level. 


q 
We can finally note that the equation Us =k fe 
like or unlike charges if we write the sign as well as the magnitude of 4 and d». It 


is better however for the student to reason out the sign by a simple physical argument: 
is energy put in or taken out when the charges are brought in closer, starting at infinite : 
Separation? : 


gives the correct sign for either. 


*Note that in the case of objects moving up and down near the surface, we use Ug -mgh 


mm 
instead of U_=-G a This is a satisfactory approximation because the change 
in potential energy between two levels, h, and ho, measured from a point near the 
earth’s surface (or Ti and r, measured from the earth’s center) would be: 


2 
AUS - mgh, - mgh,, or 


mm mm 
AU = -ga 22th G eem 
g 2 1 
190 EF 
Gmm,, rth ry A to 
ry -Ty 
F Gmm,, rth TT, s 
But r TQ hy - hy, and when ry- r is much smaller than Ti (.e., Ty % To): 
we can write ToT, XI 
hy -hy 
2 
The = =, 
2 Ug Com «nh 2 
r 
L 
Gm 
earth 
Since ES T e AU, = mg (hy - hi). 


1 
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QUIZ PROBLEMS 
1) The electric field at a distance of 10! meters from a point charge q is 6.9 x 
19? newtons per elementary charge, directed toward q. 
a. What is the value of q? (-3 elementary charges.) 


T 1 E 
b. What is the electric field at a distance of 3 X 10 i from q? (g X 6.9 X 10 EU 
elem chg toward q.) 


c. What is the electrical potential at a distance of ocio from q? (-6.9 x 19 18 
joules/elem chg.) 
d. What is the work which would have to be done to bring a unit elementary negative 
charge from infinity to within 10:78 miet q? (6.9x19 19 joules.) 
2) Using the information in (1), how much work would be required to move a charge 
of 3 elementary positive charges from a distance of ig m from q to a distance of 
3X10 1 m from q? (1.38 x 10727 joules. ) 
3) 


r n 

*q -q 
x fo 

Points A and B are equidistant from two equal and opposite charges. What is the 


oe potential at A? (0) How much work would be required to move a charge q from 
to B? (0) 


Section 8 — Batteries, Volts, and Amperes 
PURPOSE To introduce the volt, coulomb, and ampere as “practical’’ electrical units. 


CONTENT a. In batteries, chemical energy is transformed into electric potential 


energy; a cell gives a fixed energy per elementary charge, as long as its chemical com- 
position and temperature remains constant. 


b. The EMF of b 


atteries is conveniently measured in volts; 1 volt = 1.6 x go? 
joules/elem chg. 


€. Charges may be measured in coulombs; 1 coulomb = 6.25 X 1018 elem chg. 
d. Current is conveniently measured in amperes; 1 ampere = 


€. EMF (volts) x charge (coulombs) = Energy (joules); 
peres) = Power (watts). 


1 coulomb/sec. 
EMF (volts) X current (am- 


-19 
f. The electron-volt (1.6 x 10 joules) is a convenient measure of energy on an 
atomic scale. : 


» and their charge. This gives the potential 
difference directly. 1f we were to change the se s 
paration of the d 
Shape, we would always find that the elect Se 


E" —— 


14 
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10°} J joules per elementary charge, when a 90-volt battery is used. Each metal 
electrode is at the same potential as the battery terminal; a 90-volt battery maintains 


a potential difference of 1.44 X 19: 5 joules per elementary charge. 


The statement above is an experimental fact. From this it follows that when one 
positive elementary charge is transferred inside the battery from the negative to thé 
positive terminal it gains an amount of electric potential energy equal to the EMF. A 
battery supplies electric energy (qV when q elementary charges are transferred). If 
we connect several batteries in series, the potential differences add. We understand 
this by thinking of one, or several, elementary charges as being transferred through 
each battery in turn, each increasing the electric potential energy by an amount which 
is characteristic of the battery. We get the total energy gain by adding each in turn. 


Most students are familiar with the fact that car lights dim when we press the 
starter. Apparently connecting the starter to the car battery changes the potential 
difference. A battery supplies a definite potential difference if no current or if only a 
moderate amount of current flows through it. The starter draws a large current. If 
we connect devices which draw only a moderate current (spark coil, lights, radio) the 
change in the car battery potential is quite small. 


Most students are familiar with the fact that car lights dim when the starter switch 
is pressed. Apparently, connecting the starter to the car battery changes the potential 
difference between the battery terminals. Crudely, the EMF of the cell is not changed, 
but the energy/elem chg dissipated in che outside circuit is no longer such a large frac- 
tion of €. The starter is almost a short circuit, and for an ideal short circuit with + 
and - terminals connected together) all the energy supplied would have to be dissipated 
inside the cell (heating it). Then the potential difference between the terminals (parts 
of one good conductor) would be practically zero. If we connect devices which draw only 
a moderate current (spark coil, lights, radio) the battery potential is almost equal to 
the EMF. This difference between ¢ and the potential difference between the battery 
terminals is easy to understand after completing the second half of the chapter. It is 
not an essential point. 


The text hints at what goes on in a battery from an atomic point of view. This ex- 
plains, in the atomic model, why a battery does maintain a definite &. It is strongly 
urged that you do not elaborate on this point, omitting all detailed chemistry. 


Section 9 — Status Report 


PURPOSE To point out that the results of the previous sections do not describe the 
forces between two charged particles when both are moving. To summarize and lay 


out what is to come. 
EMPHASIS. Treat as a reading assignment. 
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Part B — More About Energy and Currents in Electric Circuits 


Section 10 — Conductors, Batteries and Potential Difference 


PURPOSE To apply the concepts of electric field and electric potential difference to 
open and closed circuits. 


CONTENT a. When conductors are connected to a battery, charge flows very quickly, 
then stops when the conductors connected to one terminal are all at the same potential 


and differ in potential from the conductors connected to the other terminal by the EMF 
of the battery. 


b. Ifa single conductor is connected to both terminals of a battery, a Steady current 
flow ensues. The flow of charge is maintained by an electric field inside the conductor. 
If the conductor is a wire, the field inside is along the direction of the wire. 


1) If the wire is uniform, the field times its length equals the EMF of the 
battery: El= g. 


2) If the field varies and is E for a distance h and E, for fy, then E4 T Es% =E. 


c. Ifa charge q moves through a potential difference V, then the electric energy of 
the system must change by Us 7 qV. This is true, however, only if V remains constant 


during the motion of q. V does remain constant if a battery is connected across the 
points between which q moves. V remains approximately constant if q is much smaller 
than other charges involved. However, the case of two charged metal plates is con- 
Sidered where, initially, the plates are uncharged but acqui 
-q on the other. Since the potential difference is initially at zero and ends up at its 
final value V, it is clear that the potential difference is changing. Then the total elec- 


ced work in electricity, but 
are not crucial to the continuity in later parts of this course. If this section is treated, 


alone — but it may be treated as 


1) That a single conductor forms an €quipotential sho 
Simply be-sure the logic is definite and clear: 


a. If the situation is a Static one — ge 


b. A conductor contains charges which c 
charges are not moving, no force ig being ap 


c. A single elementary charge can therefore be 
conductor without doing work on it, Therefore every point on the conductor is at the 
Same potential. 


Sometimes students will ask how good a co 


nductor we are talking about. The questic 
is not how good a conductor i 


er, but they will eventually arrive at the same 
arrangement. If we wait long enough, 


€ven a rubbed piece of plastie will eventuall 
become an equipotential, though it may take months or years. : 
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A B 


You may wish to draw two odd-shaped conductors A and B attached to a battery 
of EMF£. Consider how much work is done in moving an elementary charge from 
P to Q (none) Q to R (none). Why? Because this is a single conductor — an equipo- 
tential. How much work is required to get à charge through the battery, i.e. from 
RtoS? Answer: & (or -s depending on the sign), because that is what an EMF 
means. Sto T? (none). What is the potential difference between P and T? (s); 
Rand S? (s); Qand S? (g); etc. The idea to develop is that a battery simply main- 
tains, in an open circuit, a constant potential difference & between conductors attached 
to its two terminals. : 


2) If students understand the situation when current does not flow, then they should 
readily understand what happens when current does flow. If no current flows when 
there is no electric field inside the conductor, then when current does flow, there 
must be an electric field inside the conductor. The work done in moving a unit charge 
a distance Af under the action of an electric field E, in the direction of E, is just | 
EAL. Thus we can easily find the total work done on a unit charge if we know how E 
varies with distance. 

1 mag. of 
elec. field 


TZL 


We simply add all the little EA@’s — this gives us the total work done per unit charge, 
or the energy per unit charge in moving a distance 4. This is just the potential difference 
between 0 and £ so V, - V,- area under graph of E vs. distance from 0 to LA We can 


break any circuit up into an arbitrary number of series intervals, and in this way find 
the energy per unit charge in each interval. Finally in our circuit we must come to 

a battery, which supplies an EMF &. The EMF is the energy per elementary charge 
supplied to the whole circuit. Thus, it must just equal the sum of the pollential dif- 
ferences across the various series intervals in the circuit. So 


g = sum of V’s around a circuit 
= area under graph of E vs. distance for circuit 
between one battery terminal and the other. 


is simply a somewhat formal declaration of the 


What we have stated, of course, 
conservation of energy. Thus these considerations must hold for any circuit, no 


matter how complicated. 
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COMMENT Students frequently do not realize 
that Coulomb's law holds only for point charges. 
If we are dealing with extended conductors, we 
must also consider the effect of induced charges. 
This is required, for example, to explain why -q 
a point charge would be attracted to an un- 

charged conducting plane. : 


Force 


4^ 1. uncharged conducting sheet 


There are various Ways of looking at this 
problem. From Figure 29-22, we can see that 
the charge must rearrange itself in the plane 
a8 Shown at the right. 


Since the induced plus charges are closer 
to the charge -q than the induced minus 
charges, -q will be attracted to the plate, 
even though the net charge on the plate is 
Zero. 


P rtttt4-—1410)1 


We can also look at this Situation quantitatively, by considering the fact that the 
conductor must be an equipotential; in fact, 


if uncharged, it must be at 0 potential. E 2 
This would be true if we took the plane | 

away and put an equal and opposite charge [—— d — J-—— d aes 

*q an equal distance behind the surface. We n ccm eem T------ mx 

would then have a plane of zero potential at D NEN l "d 

the position of the front surface of the con- “image’ ! 

ductor. So, we can replace the effect of the charge | 


1 
conductor by considering the effect of this “image” charge. The force on -q is 
2 


obviously KE, the minus sign telling us that the force is toward the plate. 
4d 


Section 11 — Measurement of Potential Difference 
PURPOSE To describe methods of measuring potential difference. 


CONTENT a. Electrometers measure potential difference by measuring the force 
between charged bodies. ; 


b Voltmeters measure 
: potential difference by determination of the amount of current 
flowing through a large resistance. 


€. The current flowing through a voltmeter may affect the potential difference being 
measured. e 


reped jd 2 not central with reference to later work and need not be 
res n class discussion. dasa reading assi ent or in con- 
Junction with Experiment IV-5. It is easier to : xs Taw 


) t of kinetic ener d 
particles moving through a potential difference d En Dy chargo 
and the charge. 


=  -——— — M— — Ó/— _—__  . see 
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CONTENT The change in kinetic energy of a charged body moving in an electric field 
is equal to the potential difference through which it moves times the number of elemen- 
tary charges it carries. A knowledge of the actual electric field along the path is not 
required. 


EMPHASIS The point is very important, but should be obvious from previous consider- 
ations. It results in a great simplification in the treatment of many problems. If you 
have the time to treat the material on electricity thoroughly, the illustrations provided 
here are very worthwhile. If you are pressed for time, the ideas presented here will 
not be required in later material. 


DEVELOPMENT The reasoning follows from conservation of energy and is therefore 
not new. It is probably appropriate to develop it by discussion and suggestions by the 
students. They should be able to arrive at it independently, perhaps through a mechan- 
ical analogy. A frictionless roller coaster is a suitable simple mechanical analog. 

A 


Arbitrary reference level 


A roller coaster of mass m starts from rest at A. What is its kinetic energy as 
it passes B (and beyond)? To find the details of the motion we would need to know the 
resultant force at each point along the path, but to predict the kinetic energy at B we 
need to apply only conservation of energy. Therefore we need only to know the change 
in gravitational potential energy. Conservation of energy tells us that, starting from 
rest at A, the roller coaster will have, at B, an amount of kinetic energy equal to 
the change (i.e. decrease) in gravitational potential energy between A and B: 


Kinetic Energy at B = (Potential Energy at A) - (Potential Energy at B) = mgh lA mghg- 


We note that as long as the roller coaster does get from A to B we need not know 
anything about the potential energy or the force at intervening points. 

We note also that it does not matter what we take as the zero of potential energy; 
only the difference counts. : 

We can make the analogy even more complete by talking about ‘‘gravitational 
potential difference", i.e., change in potential energy per unit mass. 


The gravitational potential difference in our example is gh A ghp and we have: 
(Kinetic energy at B) = mass X (potential difference) = m(gh 7n ghg): 


Tt may be interesting to let the student sketch, or help you sketch, the potential 
along the path of the electrons in Figure 29-25, with the uniform retarding field 


adjusted to just stop the electron current. The sketch should look something like this: 


A: filament 


B: plate electron gun 


s large parallel plates 


distance 
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Why is this roller coaster upside down? (The electrons ha 
the roller coaster has positive inertial mass.) 


p between current and potential 
The reasons for the 


COMMENT Many students 


The region where the current is limited by space c 
the curves in Figure 29-28, w 


amount. Crystal diodes 
Supply of electrons available, 


: of the lattice whi i 
trical resistance, Ina perfect solid all atoms are e 35 e eee 
the absolute Zero of temperature), 


wm CE Sam E 


i oe nee 
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Section 14 — An Over-all View of a Circuit 


PURPOSE To examine electric circuits from the viewpoint of the motion of individual 
charges, where both energy and charge must be accounted for. 


CONTENT a. A circuit consists of a battery which causes charge to move through a 
number of devices or elements. 


b. All of the energy supplied by the battery to the circuit must be accountable in 
some form, by heat, by mechanical work, etc. 


c. The EMF of the battery is divided into potential differences across each of the 
elements connected in series in the circuit. The actual fraction of across a particu- 
lar element depends on the physical nature of the element and (generally) on the current. 


3 d. If two circuit elements are connected in parallel, the potential difference across 
both must be the same; if they are connected in series, the current flowing through 
both must be the same. 


e. The law of conservation'of energy shows that the sum of the potential differences 
around the various series elements of a circuit must exactly equal the applied EMF 
for any circuit, no matter how complex. ; 


EMPHASIS While this section lays the groundwork for a powerful approach to an 
understanding of electric circuits, these ideas are not required in subsequent chapters. 
Therefore the section can be omitted without loss of continuity. 


DEVELOPMENT [If you discuss this section the best approach is probably through a 
quantitative example such as Problem 6, Part B. This problem is discussed in the 
green pages. The approach in terms of energy exchanges is quite useful even in 
more complicated circuits, for instance in circuits in which non-steady currents 
flow, and energy can be stored in capacitors and inductors. 


COMMENT The very general description of a circuit presented in the text is highly 
preferable to one which may be simpler conceptually, but is of limited applicability, 
such as a circuit containing only a battery and a number of resistors. Note that the 
text’s description encompasses all electrical circuits, as long as we are careful to 
include all sources and sinks of energy as parts ofthe circuit. For example, if our 
circuit contains an electric motor, we must also include as a part of the circuit the 
mechanical system on which the motor is doing work and thereby storing or dissi- 
pating energy. If our circuit contains a radio transmitter, we must also include in 


Footnote continued from previous page. 
do not cause any resistance. Resistance results from imperfections in the lattice. At 
ermal vibrations of the lattice atoms. 


normal temperatures, these arise mostly from the th. à 
When the atoms vibrate, they are not exactly equally-spaced, and there is some diffuse 
Scattering. Thus the resistance generally increases with increasing temperature. At 


tly from other lattice imperfections, 


very low temperatures, the resistance arises mos e 1 
3 particularly impurity atoms. The actual treatment of electrical resistance is quite com- 
“free” in the sense that they 


plicated, since only some of the electrons in a metal are 
can move under an electric field. In simple metals, such as copper, about one electron 
per atom is ‘‘free’’. In some metals, such as germanium, only a very tiny fraction of 


the electrons are free, and this number decreases sharply with decreasing temperature. 


This effect far over-rides the effect of temperature on the thermal scattering, so that 


the resistance of germanium increases sharply with decreasing temperature, and is in- 
finite at absolute zero. 


Because of these possible complications, it is best to specify Ohm’s law at constant 


temperature, i.e., that the current is directly proportional to the potential difference 


if the temperature of the metal is kept constant. This law is obeyed over a wide range 


of voltage and currents for a large number of conductors. 


29-22 


the circuit all energy radiated into Space which is not dissipated in a receiver. Thus we 
See that our circuit is essentially simply a closed system (possibly as big as the whole 
universe in the case of a radio transmitter) in which the total energy is conserved. 


QUIZ PROBLEMS R 
1) A battery of EMF & = 100 volts is 
connected to a motor through a resistor E cT 


R=10 ohms. A current of 5 amperes 
flows through the circuit. 


a. What is the potential drop across the resistor? (50 volts.) 
b. What is the potential drop across the motor? (50 volts.) 


c. If there is no heat generated in the motor, how far can it lift a 10-kg mass in 
one second? (50 volts X 5 amperes X 1 second = 250 joules = 9.8 X 10 newtons X d 
meters; d= 2.55 m.) 10 ohms 


2) a. In the circuit shown, what is the 
current indicated by the meter I? (0.3 amps. ) 


b. What is the rate at which heat is gener- bv + 20 ohms 20 ohms 
ated in the 10-ohm resistor? (0.9 watts) In 
one of the 20-ohm resistors? (0.45 watts. ) 


3) A large 100-volt supply is to be used R 
to charge a battery of EMF &£-712vata 
charging rate of 1 ampere for a total time zi * 
of 10 hours. 100v E 


a. How large should the resistor R be? 
(88 ohms.) 


b. What is the total change in chemical potential energy of the battery being charged? 
(4.3 x 10° joules. ) 


C. What is the total energy supplied to the circuit? (3.6 X 10° joules. ) 
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Chapter 29 — Energy and Motion of Charges in Electric Fields 
Answers to Problems — For Home, Desk and Lab 


The following table classifies problems according to their estimated level of difficulty 
and the sections with which they are-intended to be used. Those which are especially 
suited to class discussion are indicated. Problems which are particularly recommended 
are marked with an asterisk (*). 


A. Moving Charged Particles 


SHOKT ANSWERS, Part A 


1, a) 5.8X 10 17 joules. 5. a) 2amu. 
-17, b) 4amu.. 
b) 2.9 X 10 joules. ' e) Dotfbly charged helium ions. 
2. aj Work = 1.68 x 10 1 joules. 6. a) Lett to right. 
b) AE, = 5.1 X 1072? joules; b) 10! elem chg/sec. 
AU =5.6x10 7^ joules; c) 0 inside, 10 ^ outside. 
-17 5x 1019 
Heat = 11.2410, 0a dose where n is the number 
pu ie 17 of elem charges/ion. 
4. a) 1.44X 10 ^ joules/elem chg. d 
b) 1.15 X 10* m/sec. 7. a) 3.77 X 10 molecules. : 


i 25.5 5) 7.54% 107! atoms. 


o 218x10 "kg 4.36 X10 
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7. o) 7.54 X 1077. ions. Electron: 0.89 X 107? newtons, grav. ; 
d) 7.54 X 10" elem charges. 1.6 X 107^ newtons, elec, 
e) 1.26 X 1059 elem chgs/sec. b) The forces me 
f) 0.399 grams. \ c) Proton: 1.6 X10 ^ joules, grav.: 

8. Connect meters in series. 41.6 X 10716 joules, elec. 

9. See discussion. i Electron: +0.89 X a joules, grav.; 


apex 19. S joules, elec. 


-18 
; 16. a) 2.3X 10 joules total, 
co audor 1/2 for each. 


PA e a b) 2.3 x y joules for one, 
13. a) 5.1 X 10 1" joules/elem chg. 0 for the other. 


b) 2.9 X 1071" joules/elem chg. 17. See discussion. 
c) 2.0 joules/sec (watts). 18. a) 320 volts, 
' 180 volts 


3.0 x 19? amp, 
5.0 X 107° amp, 


105. TX 1919 ions. 


14, a) 34 x19 1? joules. 


b). 5-156190 EEA NO 
c) Potential energy decreases and 


kinetic energy increases by 4.0 X 1078 amp. 
3.1 xX 19718 joules. b) No. 
15. a) Proton: 1.6 x 190 79 newtons, grav.; 
1:6x19714 newtons, elec. 
SHORT ANSWERS, Part B 
1. a) Series + to =+. 8. a) 1.05 ohms. 
b) 91.5 volts. b) R= 420-joules: 


c) 88.5 volts, 


j 97. aj 2i 
2. See discussion. b) R proportional to length. 
8) 2.0 ue 10. a) 1:1, ; 
b) 3.0 X 10' m/sec: b) 2:1. 
=9 c) Twice as much. 
0 X X 
iilis m BEE d) R proportional to 1/A. 
d2 : ; 
Ld per. 11. a) Resistor: 140 volts; 
e) 3.610 "m. diode: 200 volts. 
2 b) Diode: 2X 10^? amp; 
4. ade de. 
AV' resistor: 3 X 10 " amp. 


b) Independent. -3 
c) Independent. €) 5X10 " amp. 


4 
5. a) 2.00 amperes. d) 2.9 X10" ohms. 


b) Connect in series with coil. 12. a) 7x10? amperes. 


6. a) See discussion. b) 200 volts. 


b) Same. 13. See discussion. 
c) Same. 
dj. Less) 14. a) 90v. 

B b) 180v. 
ub c) 170v. 


d) 84v. 


3 
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PROBLEM 1 Two large parallel metal plates, 6.2 cm apart in 
a vacuum tube, are connected to the terminals 
of a 180-volt battery. A doubly charged oxygen 
ion starts from rest at the surface of one plate 
and is accelerated across to the other plate. 
(a) With what kinetic energy ju? does the 
oxygen ion crash into the other plate? 
(b) If the ion starts halfway between the plates, 
with what kinetic energy does it hit the negative 
plate? 


This straightforward problem illustrates the application of conservation of energy 
to the motion of charged particles in a uniform electric field. One appraoch is the 
following: 

a) We first calculate the force on an elementary charge, using the results of the 


Millikan experiment in Chapter 28. There it was found that with a 270-volt battery 
(= three 90-volt batteries in series) connected to plates 0.31 em apart, the force on an 


elementary charge was 1.4 X 10 E newtons. Further, this force varied directly with 
the number of batteries in series and with the size of the charge, and inversely with the 
distance between the plates. With a 180-volt battery (7 two 90-volt batteries in series) 
and a separation of 6.2 cm, the force will be 


14  newtons y 180 volts x 0.31em _ 4.66 X 19 16 newtons 


1.4X10 em charge 270 volts  6.2cm elem charge' 


The force on a doubly-charged oxygen ion is therefore: Yin 


4.66 x 19 19 LBeWtOnS x 9 elem chgs = 9.32 X 10718 newtons. 

elem charge 
If an oxygen ion moves the full distance of 6.2 cm between plates, the work done by the 
electrical force will be 

Lag -17 

9.32 X 10 newtons X 0.062 meters = 5.8 X 10 joules. 

Since the ion starts with no kinetic energy, this will be its final kinetic energy as it 
reaches the plate. 


b) If the ion starts from rest half-way between the plates, it travels only one-half 
the distance, i.e. 3.1em. The work done by the electric force, and therefore the 
kinetic energy acquired by the ion will be 

7 


s -1 
9.32 X 10 s newtons X 0.031 meters = 2.9 X 10 joules. 


Alternate solution: 


With a potential difference of 180 volts between the two plates, one elementary charge 
would acquire a kinetic energy of 180 electron volts in traveling from one plate to the 
other. 


a) Thus a doubly-charged oxygen ion will gain 360 electron volts in going from one 
plate to the other. 


b) Since the electric field is uniform between two such plates, the potential difference 


will be uniformly divided. Thus in traveling one-half the total distance, the doubly- 
charged oxygen ion will gain 180 electron volts of energy. 


PROBLEM 2 (a) In the micro-microbalance experiments of 
Section 28-4, how much work was done by the 
electric force on the standard charged sphere when 
it moved 2 mm upward in 10.6 seconds? 

(b) Into what forms did this energy go; and 
how much into each form? 


`a 
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This problem demonstrates in detail the conservation of energy in the motion of 
charged particles in an electric field. 
a) From Table 2, Section 28-5, p. 475, we note that the sphere moved upward with 


-14 é 
a speed of 2inm in 10.6 seconds under a force of 5.6 X 10 newtons in excess of that 


-1 E 
necessary to achieve balance. Since a force of 2.8 X 10 n was required to balance 
the sphere in this experiment (p. 470), the total electrical force acting on the sphere 
must have been 

-14 -14 
Fo = (5.6 + 2.8 X 10 ^ = 8.4X 10^ ^ newtons. 


The work done by this force on the sphere in moving it upward a distance of 2 mm: 


WeFXd-84x10*nx2x10?m.- 188x109 19 joules. 


b) Ifthe sphere started from rest, its kinetic energy would have changed by: 


eS NA 
WE 2 TLS 2x10 `m -23 , 
Eu == ra 68 Rp Up am x 
AE, gmv 75 X 2.9 X 10 kg « 10.6 E) 5.1 X 10 joules, 
which is a negligible amount compared to the energy actually transferred to the sphere. 


Since the sphere moved upward 2 mm in a gravitational field, its gravitational 
potential energy must have increased by an amount 


AU, = mgAh = 2.8 x 10 1 nt x 2 x 19 3m = 5,6 x 19 17 joules. 


The difference between the work done on the sphere (16.8 X ry" joules) and that account- 


able in terms of its kinetic and potential energy is (16.8 - 5.6) x 101 2312 x tort? 
joules. This work must have gone inte heating the air molecules between the plates as 


the sphere moved. Thus, the energy which went into heat was 11.2 x 10717 joules. 


Some students may be puzzled by the fact that no mention has been made of electrical 
potential energy, which of course Toe also. The point is that in working out an 
energy balance we can take account of the eleetrieal forces in one of two ways: we can 
compute the work done by the eleetrical ferge on the sphere, or we can calculate the 
change in electrical potential energy of the sphere and plate System. Except for sign, 
they represent one and the same item in an energy-work balance sheet. We could have 
written out balance (as we have) as: 


Work done by electrie force = inerease in gravitational potential energy 


* heat energy developed, 
Or as: f 
Decrease in electrical potential energy = increase in gravitational energy 


+ heat energy developed. 


Since the work done by the electric forge ig the decrease in electrical potential energy, 
the two statements are equivalent. 


PROBLEM 3 In a time-of-flight experiment like that described 
in the box on age 490, you have adjusted the 
sweep circuit of the oseilloscope 80 that the beam 
moves across the tube in 0.$ sec. The total 
length of the trace made in that time is 10 cm. 
The contact points on the track for the rolling ball 
are 1.2 m apart. If the spikes on the oscillosco: 
trace are 8.0 om apart, what is the speed of the ball? 


oN 
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On our o&cilloscope scale, 10cm = 0.5 sec. or lem = 0.05 sec. If the spikes on 
the trace are 8.0cm apart, the time interval between the spikes must be 8.0 cm * 
0.05 sec/cm - 0.4 sec. Since the ball traveled 1.2 m during this interval, its Speed is 


y = 1.2 m/0.4 sec = 3.0 m/sec. 


PROBLEM 4 Using the apparatus described in Section 29-2, 
you perform an experiment to measure the mass 
of the cesium ion. The hydrogen-ion source is 
replaced by a source of cesium ions, and the same 
electric force field is maintained by the same 90- 
volt battery between the accelerating plates. 

(a) What is the kinetic energy immu? per ele- 
mentary charge with which the cesium ion goes 
through the long chamber? 

(b) The time of flight of the cesium jons through 
the long chamber (0.50 m) is about 43.6 micro- 
seconds. What is their speed? 

(c) What is the mass of the cesium ion if it is 


singly charged? What is it if it is doubly charged? i 


a) If the ions have the same charge as protons, in traveling across the same potential 
difference, the ions would acquire the same kinetic energy as protons, i.e., 144x197 
joules. If the cesium ions bear q elementary charges, the work done by the electric 


force (and therefore the kinetic energy acquired) would be q times as large as for protons. 


No matter what the charge, the kinetic energy gained is 1.44 X $a ^T joules/ elem chg. 
s 0.50 meter 4 15x 10* meter 


43.6 X 10 9 sec poco 


Pus 
c) Equating the kinetic energy given in (a) to 5 mv we have: 


} 2 
-17 joules?) ey meter) 
q X 1.44 X 10 PE eg pm (1as 107) creed), and 


717, ; 
_2%1.44 X10 joules/elem chg x q = -25 kg 
m= 1 2 Xq= 2.18 X 10 mpm rep ic 
(1.15 X 10° meter/sec) 
If we assume the ions to be singly 


2.18 X 1077 > yg. If we assume the ions to be doubly charge 


conclude that their mass is 4.36 X 10 79k . We can compare these values with the mass of 
their atomic weigbt and Avogadro's number. The atomic 


charged (q = 1) we conclude that their mass is 
d (q= 2 elem charges) we 


cesium atoms calculated from 

weight of cesium is 133 grams/mole. Since 1 mole = 6.025 X 10 

have m = — 133 grams __- 2.21 x age grams per atom = 2:21 X 10 ?? kg per atom. 
6.025 X 197? atoms 

This suggests that the cesium ions in question were singly charged. 


cesium atoms, we 


PROBLEM 5 In the apparatus used to measure the mass of the 
positive hydrogen ion (proton) of Section 29-2, 
you use a source of heavy hydrogen and observe 
à spike which corresponds to ions arriving with 
a time of flight 1.4 times that of the usual positive 
hydrogen ions. : j 

: (a) What is their mass if they are singly 

charged? 

(b) If doubly charged? fis 

(c) Could they be singly charged helium ions? 
Doubly charged helium ions? j : 

Remember that the mass of à helium atom is 4 
atomic mass units, and the mass of a hydrogen 
atom 1 atomic mass unit. 
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a) If the ions in question are singly-charged, they acquire the same kinetic energy as 


3 Tow id 
the protons, i.e. amv = hare ; 


. Since the time of flight is E god: by a factor of 1.4 than for protons, v/ Ya = 1/1.4. 
v 
We would conclude = -( 2) = 1.96% 2. Hence, if singly-charged, the mass of heavy 
p z 
hydrogen would be about 2 amu. 
b) Ifthe ions were doubly-charged, they would acquire twice the kinetic energy of 
the protons: 


1:322: 1 2 

l ;mv ciate ias dd 
m v2 

Therefore j PAD 2x ~ ~4 


In this case the mass of the ion would be 4amu. 


c) The experimental result is therefore consistent with doubly (but not singly) charged 
helium ions since the mass of He is 4amu. It is also consistent with the assumption 
of the existence of a hydrogen ion having twice the normal mass. This isotope of 
hydrogen is called deuterium (by analogy to the protons, these ions are called deuterons). 


i PROBLEM 6 You ionize some gas between parallel metal plates, 
| : making equal numbers of negative and positive 
i ions in every small volume between the plates. 
There is a battery and a current meter connected 
in series with the plates, and a steady current is 
: flowing through the circuit. The positive plate 
i is on the left, and the negative on the right. 

(a) In what direction do you expect the electric 
current to go between the plates? 

(b) If the current meter measures 10'* elemen- 
tary charges per second, how many positive 
elementary charges are brought per second by the 
ions coming to the negative plate? 

(c) How many negative elementary charges are 
coming per second to the negative plate? 

(d) In one second, how many positive ions cross 
to the right through a plane halfway between the 
plates? 


This problem illustrates that the total current at any point in a circuit is given by 
the sum of the flow of positive charges (in the direction of the current) and the negative 
charges (flowing in the opposite direction) per unit of time. 


In this problem we are concerned only with the steady-state behavior of the circuit. 
In the steady state, positive and negative ions are created in equal numbers per unit 
time by the X-ray beam. The positive ions will move toward the negative plate on the 
right, and the negative ions toward the positive plate on the left. If there were no 
recombination, all of the charges would contribute to the current, which would then be 
equal to the number of ion pairs produced per second. With recombination, the total 
current will be less, but the number of positive charges reaching the right-hand plate 
must still equal the number of negative charges reaching the left-hand plate per second. 
The current will in any event be given by the number of charges Striking either plate 


per second. 
a) The direction of the current is the direction of motion of the positive charges, 
hence from left to right. 


b) The current must be equal to the number of positive charges striking the negative 
plate per second, and must be the same everywhere in the circuit. Hence the number of 


positive charges striking the negative plate must be 1016 elementary charges/sec. 
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c) There are no negative charges coming to the negative plate from within the tube, 
but the external circuit must supply negative charges equal to the positive charges 
reaching the plate per second. Hence, the flow of negative charge to the negative plate, 


from the external circuit, is 1916 elementary charges/sec. 


d) At a plane halfway between the plates, the current must consist of equal numbers of 
positive and negative charges flowing in opposite directions. Thus the number of positive 
charges crossing to the riglit at this point must be half the current, or 5 X 10 5 elemen- 
tary charges/ p If each ion carries n elementary charges, the positive ion current 


x 
must be ane per second. 


PROBLEM 7 A steady electric current passes through an elec- 
trolytic céll of dilute hydrochloric acid for a very 
long time. For ten minutes we collect the hydro- 
gen gas that bubbles up at the negative electrode. 
At room temperature and atmospheric pressure, 
the gas collected occupies a volume of 148 cm’. 
Remember that each hydrogen molecule has two 
hydrogen atoms. Also 1 mole occupies 2.36 X 
10* cm? at room temperature. 

(a) How many hydrogen molecules were col- 
lected? 

(b) How many hydrogen atoms were collected? ` 

(c) How many hydrogen ions must have come 
to the negative electrode in this time? 

/ (d) How many elementary charges were trans- 
ported across the cell? 

(e) What was the current in elementary charges 
per second? 

f (£) If there is a cell of copper sulfate solution 
connected in series with this one, with large ‘elec- 
trodes, how much copper is deposited on the 
negative clectrode? 

Note; A mole of copper weighs 63.6 grams. 


3) Since one mole of gas occupies 2.36 X 104 om’, the number of moles of hydrogen 


collected is: 


No. of moles -8er = 6.27 X 107? moles. 
2.36 X 10 cm / mole 


Since 1 mole = 6.02 X 107° molecules, the number of hydrogen molecules collected is: 


~ 1 
6.27 X 10 35 602x107 = 3.11 X10" : 
b) 230998 — x 3.77 x ive molecules = 7.54 X 1077 atoms of hydrogen. 


molecule 


c, d) To form one hydrogen atom, one singly charged hydrogen ion must reach the 


cathode, where it acquires an electron and becomes a neutral atom. Hence both the 


number of hydrogen ions reaching the cathode and the number of aipavemary charges 
1 
reaching the cathode from the solution of hydrochloric acid are 7.54 *10 


e) The current is the number of charges transported per unit time, i.e., 


2E 
_ 154x10 elem chgs _ 1 26 x 109 elementary charges/second. 
current = 600 seconds 


ies, the same current flows through both cells, 
harge to the cathode of one cell as the hydrogen 
However, since each copper ion carries 


f) Since the cells are connected in ser 
so the copper ions must bring the same c 
ions bring to the cathode of the other cell. 


mess c7 o E v 
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* 


twice as much charge as each hydrogen ion, half as many copper atoms are deposited 
as hydrogen atoms are liberated. If 2 X 6.27 X 19? moles of hydrogen atoms were 
formed, 6.27 X 10? moles of copper must be formed. One mole of copper - 63.6grams, 


hence 6.27 X 1 X 63.6 = 0.399 grams of copper are deposited. 


PROBLEM 8 You are given some metal wire, batteries, and a 
calibrated ammeter. How can you calibrate a 
second ammeter? ` 


By connecting the two meters in series in a circuit, the same current must flow 
through both; the currént on the calibrated meter can be read and the scale of the other 
meter can be marked accordingly. The only problem is to adjust the current to several 
values within the range of the two meters. For most meters and batteries, connection 
of the meter (or of two meters in series) across the battery will result in a flow of 
current well in excess of the capacity of the meter, since a typical ammeter requires 
a potential difference of only 1/20 of a volt to cause a current flow that gives full scale 
deflection. Therefore only a fraction of the potential difference available from the 
battery should appear across the meters, the rest of the potential drop must occur 
across some other circuit element such as a resistor. By adjusting the resistance 
the current can be varied. 


Adjustable 
contact ) 


Ammeters 


PROBLEM 9 You are given a half dozen identical ammeters, 
one of which has a single calibration point — that 
is, a mark correctly indicating when a l-ampere identical 
current (that is, a current of 6.25 x 10 ele- 
mentary charges per second) is passing through it. 
You also have a few batteries and a large number 
of identical metal wires. Answer the following 
questions to complete the calibration of the am- 
meter. ; 

(a) Assume you have marked a number of am- 
meters to read one ampere. Then you connect 
three as in Fig. 29-16. Explain how you can get a 
2-ampere calibration point on one of them. 

(b) Make skeiches showing how to connect the 
ammeters in order to mark one scale at 3 and 4 
amperes, 

(c) How would you connect the ammeters so 
as to calibrate one of them to read 4 and 4 am- 
peres? (Use sketches.) 


a) With the arrangement of Figure 29-16, each of the two meters connected in parallel 
should carry one half of the current in the third meter. The latter will carry 2 amperes 
when each of the former carries 1 ampere. We adjust the resistor so that each of the two 

meters in parallel reads 1 ampere, and mark the deflection of the third meter as 2 amperes. 


b) When the divider is set so that meters 
#1, #2 and #3 all read 1 ampere, meter #4 
must be indicating the total current, 3 amperes. 
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Similarly, this arrangement with 1 ampere 
in each of the four parallel meters gives 4 
amperes in the other meter. Alternatively, 
one meter in series with two meters in 
parallel could be used. Adjusting the cur- 
rent in each of the two parallel meters to 2 
amperes [as per calibration in part (a)] will 
give 4 amperes through the series meter. 


c) When the current is adjusted to glve a 1 (a) 
ampere reading on #3; #1 and #2 must each oy (a) 


be carrying (and therefore indicating) 1/2 
ampere. 


With #4 indicating 1 ampere, the other 
meters must each be indicating 1/3 ampere. 


PROBLEM 10 With the same apparatus as in Problem 1, how 
many doubly charged oxygen ions would have to 
go from the positive plate to the negative plate 
before that plate is heated up by one joule by 
the dissipation of kinetic energy of the ions? 


The kinetic energy given to each ion was found in Problem 1: 


eT -19 joules 2 elem chgs -17, : 
1 =1.6X x : = 5.8 X 
80 volts = 1.6 X 10 elem chg-volt inn 5.8X 10 joules/ion 


If N ions each transfer 5.8 X 19717 joules of energy to the plate, the total amount of 
energy transferred to the plate is 


Nx5,8x10 ^^ ee 


jon 
ion it 16 
For this to equal one joule, N= 1 joule X nega Tr Ce 1.7X10 ions. 
x 
Alternate Solution: Up eee 


1 
Clery x e.v. per joule 
No. of ions/joule = 565 ions per electron volt aes SU per j 
i 16. 1 
= -IT ions per joule = 1.7 X10 ions per joule. 
5.8 X 10 


The most common oxygen ions are negatively charged, but from their direction of 
travel these must be positively charged. ` í 


PROBLEM 11 - Suppose the doubly charged ioris in the last prob- 
lem were made by ripping electrons off oxygen 
atoms located halfway between the plates. Then i 
the oxygen atoms are accelerated in one direction 
and the electrons are accelerated in the opposite 
direction from the midpoint between the plates. 
How much energy will the electrons have dis- 
sipated heating the positive plate in the time that 
one joule is dissipated at the negative plate? 


The force per elementary charge and the distance traveled in the direction of the 
force are the same for the electrons and ions. Since the same number of elementary 
charges go in each direction, the energy they pring to each plate is also the same. 
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In greater detail, the force on the electrons (toward the positive plate) is equal in 
magnitude to half the force on the ions (which is toward the negative plate*) since the 
electrons have one elementary charge and the ions have two. Starting half-way between 
plates, electrons and ions move the same distance, but because the force on the elec- 
trons is half that on the ions, the electrons acquire one half as much kinetic energy as 
the ions. However, since two electrons are produced when one ion is formed, the kinetic 
energy acquired by the two electrons together is equal to the kinetic energy acquired by 
the one oxygen ion. It follows that the amount of energy transferred to the positive 
plates by the electrons is equal to that transferred to the negative plate by the positive 
ions. In this particular instance both equal 1 joule. 


*Note on Problem 11. 


We are dealing with positive oxygen ions, not the more common negative ions. 


PROBLEM 12 Think over the evidence available to you that all 


elementary charges are the same. Be prepared to 
discuss it in class. 1 


This question provides a good review of Sections 1 — 5. 


All of the evidence — from the Millikan experiment, from time-of-flight measurements, 
and from electrolytic cells — shows that the force acting on a charged particle in an 
electric field is an exact integral multiple of some least value. This can only be true if 
all elementary charges are identical, regardless of the mass or any other property of 
the charged particle, and without regard to the way in which the charge is produced. 


Other sources of evidence include the neutrality of atoms and molecules, and the 
argument of Section 29-5 which can also be done with just a wire heater, a battery cali- 
brated by a Millikan experiment and a current meter calibrated electrolytically. 
PROBLEM 13 (a) You connect a large battery in series with a 
diode vacuum tube and an ammeter. The am- 
meter indicates a current of 

1.9 X 10!* elem. ch./sec. 
The anode of the tube contains a temperature- 
measuring device thàt allows you to measure how 
much energy is dissipated as heat in the anode. 
You let the current flow for 10 sec and find that 
9.6 joules of energy are dissipated in the anode. 
What is the EMF of the battery? 

(b) In a similar circuit you connect another 
battery to a different diode. In this case, the 
current is 3.1 x 10'5 elem. ch./sec and, after 10 
Seconds operation, 8.9 joules are dissipated in 
the anode, What is the EMF of this battery? 

(c) You now connect your two batteries in 
Series through an ammeter to a coil of high- 
Tesistance wire, The ammeter indicates à current 
of 2.5 x 10! elem, ch./sec; Predict the rate at 


Which energy is dissipated as heat in the high- 
resistance wire. 


This problem ill 


ustrates that the EMF ina circuit measures the energy supplied per 
elementary charge. 


a) The total number of charges which flowed during 10 seconds was 10 x 1.9 x 102° = 
1.9X10 . elem charges. 


The total energy dissipated in the anode must equal that supplied 
by the battery: 


. total energy supplied 9.6 joules -17 
EMF = nber so pued — 9.8joulegs — 1x10 ules/el h 
5. oules/elem chg. 
number of elem chgs 19 X1 on! elem chgs 


b) In this case, the total number of charges is 10 x 3.1 x 1919 = 3.1 x 19017 elem chgs. 
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ACR we Bee aloe Pao ee - 
EME a 17 28 - 2.9 x 10717 joules/elem cng. 
3.1X10 elem chgs 


c) When the batteries are connected in series, the EMF’s add. Hence the total EMF 
2m J 
in the circuit is (5.1 + 2.9) x 10 1" = 8,0 x 107!" joules/élem chg. 
The rate of energy dissipation is: 


-17 joules ., 


16 elem chgs j 
elem chg AEN sec = 2.0 joules/sec (watts). 


power = 8.0 X 10 


PROBLEM 14 (a) What is the electrical potential energy of a 
small object carrying threé elementary electric 
charges and a small metal sphere carrying ten 
billion elementary electric charges placed 2 meters 
away? Take the zero of potential energy at 
infinite separation. 

(b) Suppose the sphere and particle have 
charges of opposite sign. How much energy 
would have to be used to drag the particle out to 
20 meters? Does the choice of the zero of po- 
tential energy make any difference? 

(c) Suppose they have the same sign and you 
just let the particle move out to 20 meters. D 
scribe the energy changes that occur. . 


a) The potential energy (relative to infinite separation) is given by 


9135 -28 Wewtonimalars 3 elem chgX 10! à elem chg 
U =k———= 2.3 X10 ———3——— X S ————— 
e iu 2 meter 
elem chg 


= 3.4% tone newton-meters, or joules. 
The energy is positive if q and dy have the same sign, and negative if thé signs are 
Opposite. 

b) If the charges have opposite signs the potential energy at 2~meter separation is 
-18 Vor -19 
-3.4 x 19 1? joules. while the potential energy at 20- meter separation is -3.4 X 10 
joules. As the particle is pulled out from 2-meter to 20-meter separation the potential 
energy increases by ] 


= 3.1 X 1018 joules. 


" -18 
(UL) - (U,) 234x101? + 34 x 1 


final © initial 
This amount of energy was required to pull the particle (assuming there is no other 
change in the energy of the particle, e.g. in the kinetic or gravitational energy). 


The result is independent of the choice of zero of potential energy. Had we taken 
the zero of potential energy at some point other than infinity, both the initial and final 
values of the potential energy would have been changed by the same amount, with no 
change in their difference. Had the zero of potential energy, for instance, been taken 
at distance r we would have: : 


qa qd q4 d9 d, d, 015 d, d» 
(f S) pete) a a 


Tfinal fo Tinitial ^ ^o "final "initial 
gn they repel. The repulsive force acting on each 
particle will cause each to accelerate. To calculate just how each of the two bodies 
accelerate with time would be a complicated job, because the forces vary with the 


separation and therefore with time. All of this can be bypassed by using energy con- 
servation. When the separation is 20 meters the potential energy has decreased by 


c) If the charges are of the same si 


29-34 


3.1 x sft joules. Energy conservation tells us that the sum of the kinetic energies 
must have increased by this amount. Since the total kinetic energy was initially zero, 


at 20 meter separation it is 3.1 X 10 19 joules. 


It may be worth asking how the separate kinetic energies of the two bodies could be 


calculated. If the masses of the two bodies were known, this could be done by applying 
conservation of momentum. 


PROBLEM 15 (a) Find the electric and the gravitational forces 
on an electron and on a proton between two 
large parallel metal plates, 20 cm apart. The 
potential difference between the plates is main- 
tained by 20,000 volts’ worth of battery. The 
plates are horizontal; consider the upper plate 
positive. 

(b) Move the particles up 1 cm. What are 
the forces now? 

(c) What are the changes in gravitational po- 
tential energy and in electric potential energy in 
this motion? 


20,000 volt 


Pa battery 


t+ ++ +t ++ 


a) The gravitational forces on both electron and proton are directed downward and 


given by mass X gravitational force 
mass 
For the proton: gravitational force = (1.67 X 10 7" kg) X ( 9.8 t ) 
= 1.6% 10: ^9 newtons. 
For the electron: gravitational force = (0.91 x 10 °° kg) x (os e) 


= 0.89 x 10779 newtons. 


Since the charge of both electron and proton is one elementary charge, the magni- 
tude of the electrical forces is the same for both, 


Since 1 volt = 1.6 x 19 1? SE 20,000 x 1.6 x 1019 = 3.9 x 19719 


Since Work = force X distance, 3.2 x 19 1? 


joules. 


newton-meters = force X 0.2 meter. 
Thus the electrical force on either the proton or the electron is 


715 
3.2 X 10 - 
SEE EL if newtons. 


This is enormous compared to the gravitational forces. 


Alternatively, one could have worked this out from the result of the Millikan experi- 
ment in Chapter 28. Since the electrical force field varies directly with the battery 
voltage and inversely with the Separation, the force per elementary charge is 


aa | 


-—— m 
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20,000 volts 


i4x10 '" newtons e A oR 
20cm 


0.31 cm 


=1.6X 1o 14 newtons. 


b) The electrical force field between parallel plates is independent of position, the 
gravitational force fic 1 of the earth is also essentially unchanged when one moves an 
additional distance of only 1 cm from the center of the earth. This means that both 
electrical and gravitational forces remain constant. ; 


c) This part of the problem probably can be discussed most usefully by leaning on 
the analogy between the uniform gravitational field and the uniform electrical field. 


To move the proton up 0.01 meter against the downward gravitational force of 
-26 
1.6 X 10 newtons requires that work be done by an applied upward force in the amount 


-2 NC 
of 1.6 X 10 i newtons X 0.01 meter = 1.6 X 10 aS joules. Similarly to move the proton 


up 0.01 meter against the downward electrical force of 1.6 X i newtons requires that 


work be done by an applied upward force in the amount of 1.6 X dg newtons X 195 


el = 
meter = 1.6 X 10 5 joules. Therefore corresponding energy changes are an increase 
of 1.6 x 19 75 joules in the gravitational potential energy, and an increase of 1.6x10 19 


joules in the electrical potential energy. 


The energy changes for the electron can be obtained in the same way. Its gravitational 
9 newtons X10 ^ meters or 0.89 X o joules, 


-1 
while its electrical potential energy is decreased by 1.6 X 10 5 joules. This is a de- 
crease because the electron moved in the same direction as the electrical force. 


PROBLEM 16 (a) Two protons are released from rest 10 m 
apart. What will their kinetic energy be at large 
separation? 

(b) Suppose one of the protons is nailed down. 
What will the kinetic energy be at large separa- 
tion? 


potential energy is increased by 0.89 X w 


This problem calls for the application of conservation of energy in a case involving 
electrical potential energy. 

a) Since the only forces acting on the two protons are the electrical forces of re- 
pulsion exerted by each proton on the other, the electrical potential energy of interaction 
of the two protons plus the sum of their kinetic energies remains constant. As the protons 
fly apart, the potential energy decreases with a corresponding increase in the sum of 
their kinetic energies. The initial potential energy is 


2 
-28 (newton-meter)' (es eem chg) -23x we joules, 
(elem chg) (10 ^ meter) 


where the zero of potential energy has been taken at large (infinite) separation. The final 
potential energy is zero. Since the initial kinetic energy is zero, the final kinetic energy 


is23x10 1? joules. 


Each proton has one half of the total kinetic energy 


-18 
that the kinetic energy of each proton is 1.2 X10 joules. 
es are often given in electron-volts, Since lev - 


444, 


k = 2.3 X 10 


(by conservation of momentum) so 


Energies of elementary particl 


6 x 10 1? joules we have: 
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orat j 2.8 x 19 18 
Sum of kinetic energies = ——— 18 


1.6 X 10^ 


= 14.4 ev. 


b) The *'collision" is still elastic because no energy can be stored or dissipated. The 
-18. : 
movable proton thus carries all the kinetic energy, 2.3 X 10 joules. The fixed proton 
does not move, and has zero kinetic energy. 


PROBLEM 17 Two equal charges, g, and g., are nailed in place 
on the Y axis, equal distances a above and below 
the origin of co-ordinates (Fig. 29-17). 
(a) What is the electric potential energy of an 
elementary charge at point x on the X axis? 
Note: Measurethe potential energy with the zero 
chosen when the elementary charge is at infinity. 


in Coulomb's law, the value of charges q, and g., 
and the distances a and x. 

(b) In particular, what is the potential energy 
of the elementary charge because of its interaction 
with q,? with q.? with both together? 

(c) What is its total potential energy if the 
charges are equal and Opposite? 


We can generalize the result given in 
Section 1 of the text for the electrical poten- y axis 
tial energy of a charged particle in the elec- 
trical force field of another charged particle, 
to the case where the charged particle is in 
the electrical force field of two (or more) 
other charges. We add the various electrical 
potential energies corresponding to the sepa- 
rate interactions. This will probably be ob- 
vious to most students without discussion. If 


| 
| 


a discussion is required, the argument may 
run something like this: 


a1 


9 and q are fixed charges, q is a movable charge. Ñ is the force on a due to 8; 


Fy is the force on a, due to dy and F is the resultant force. 
To move 4 from one position to another (for simplicity with no appreciable change in 

kinetic energy), a force -Ñ = xi * 3; will be required. The work done by (-F,), will 

equal the sum of the work by the force CED which would be required with only 04 

hich would be required if only dg were present. 

„hange in the energy of interaction between d and 


Is the total change in potential energy. Thus: 
a) Potential energy = Potential ener 
energy due to interaction between qd, 


present, and the work by the force (-F,), w 
The work done by CP) is calied the 
qy The work done by (-F) equa 


&y due to interaetion between q, and qd + potential 
and qj. or 


* 
Express your answers in terms of the constant & 
| 


° q q 
U 7 pA. at 
1 ap 


RING) 
In this particular case, r 7r, = ya +x, and a, = 1 elementary charge. Therefore: 


Kdi + qg )(1 elem chg) 


e 
ada" 


b) Potential energy due to the interaction with d: 


q, (1 elem chg) 
ka ee 


U 
1 
an + x 


Potential energy due to interaction with qz: 


95 (1 elem chg) 

U, = ks. 
dr + Td 

(4, + d9) 


ETETEN 
a tx 


c) If 4 = -d9 then q; + 4, = 0, and the total potential energy is zero. 


Total potential energy = k 


The last result, which may appear strange at first sight, comes about from the fact 

that the net force acting on the elementary charge is perpendicular to the X-axis so that 
no work is required to move the charge anywhere along the X-axis, even as far as infinity 
where, of course, the potential energy has been taken as zero (by definition). 


Resultant force 


the potential energy we have calcu- 
rbitrary point on the X-axis and a 
The problem illustrates a convenient 


Since our test charge was one elementary charge, 
lated is just the potential difference between some a 
point at infinity, due to the fixed charges q} and qp. 


it can be calculated quite readily for any distribution of fixed 


property of potential: 
he potential contributions from the individual charges 


charges by adding (as scalars) t 
that make up the given distribution. 


PROBLEM 18 (a) In Problem 13, what are the EMF's in volts 
and the currents in amperes? 

(b) Does using volts and amperes change your 

prediction of the energy dissipation in part (c) 


of Problem 13? 
e 
3) In Problem 13, we were concerned with EMF's of 5.1 X 10 joules/elem ehg and 
S 16 


A Pa VU E O 
2.9 X 10 17 joules/elem chg; and currents of 1.9 X 10 elem chg/sec, 3.1 X30 elem 
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16 


chg/sec and 2.5 X 10" elem chg/sec. In volts and amperes: "t 
E119: ee M o Euri 320 volts. 


elem chai Tex 10-19 joules/elem chg 


2:8 x 19, to oe et 180 volts. 
elem chg 4 6 x 10 ~~ joules/elem chg 


I 


1.9 x 191 elem chg y —P—— = 3.0 X 10^? amp. 
LE 6.25 X 10° elem chg/sec 
3.1 1016 elem chg ,, — ae =5.0 x 1078 amp. 
are 6.25X10 elem chg/sec 
| 2.5x 19/0 Slemchgy lamp ___ 4.9 x 109 amp. 


6.25 X 1018 elem chg/sec 


| b) The energy dissipation in joules/sec is the same, whether we use elementary or 
practical units for EMF and current. Using the data from Problem 13, part (c), the EMF 
and current in volts and amperes are 


ud EMF = 320 + 180,= 500 volts (joules/coulomb) 
ait current = 4.0 X 1073 amp (coul/sec). 
N The power in watts (joules/sec) = 500 volts X 4.0 X 10 ^ amps 


j = 2.0 watts (joules/ sec). 
This is the same value found in Problem 13 (c). 


COMMENTS AND SOLUTIONS, PART B 


| : PROBLEM 1 (a) How would you connect a 90-volt “B” battery 


and a 1.5-volt flashlight cell to obtain the maxi- 
mum potential difference? 


(b) How big is that potential difference? 

(c) Suppose you disconnect the 90-volt battery; 
turn it end for end; and then reconnect it. What 
potential difference do you get? 

a, b) If the batteries are connected in series, 
t to -, the potential difference between A and 
B is the sum of the potential differences sup- 
plied by each battery. A positive charge going 
from A to B through both batteries (or a nega- 
tive charge going from B to A) would gain 


(1.6 10719 (90 + 1.5) = 91.5 x 1,6 x 19 19 joules 
j per elementary charge, a 91.5 volt potentialdifference. 


MEME 


29-39 


c) If the connections to either of the batteries 
are reversed, the potential difference from A 
to B would be less. A positive charge going 


from A to B would still gain 90(1.6 X 10 ~) 
joules per elementary charge in going through 


the 90-volt battery, but lose diii $00) 
joules per elementary charge in going through 
the 1.5-volt battery. The net gain is (90 - 1.5) X 


-19, 
(1.6 X 10 joules per elem chg) so that the potential difference is only 88.5 X 1.6 X 


-19 joules 
10 clem chg (or 88.5 volt). 


PROBLEM 2 Suppose you were given two electrometers which 
measure potential differences in the 10,000-volt 
range. One of them is calibrated but the other 
is not. You are also given a glass rod and a 
piece of cloth, but you are forbidden to buy any 
batteries. Can you calibrate the second electrom- 
eter by connecting it to the first? 


One way to calibrate the second electrometer is to connect the two electrometers in 
parallel, i.e. stem to stem and ease to case (or stem to case and case to stem). If the 


glass rod is rubbed and touched to either stem or to the wire connecting the stems, we 
can charge the electrometers. The charge will divide in some unknown way between the 


NEC 


two, however the division of charge is such that the. potential difference from case to stem 
is the same for both electrometers. The calibrated electrometer indicates what this 
potential difference is, and the scale on the other electrometer can be marked accordingly. 
We repeat this a few times adding (or removing) charges each time, and the job is done. 


A much simpler procedure would be to charge our rod and instead of touching it to 
the electrometer stems, just bring it near. The amount of induced charge (and there- 
fore the potential difference) can be adjusted simply by changing the position of the glass 
rod. A : 


(Note that if the potential difference across the two connected electroscopes were 
not identical, then there would be a potential difference along the connecting wires, 
and a current would flow until equilibrium was reached.) 


PROBLEM 3 An electron gun shoots à stream of electrons be- 
tween two deflecting plates of length / = 6.0 cm 
(Fig. 29-34). The electron mass is 0.91 x 107^ 
kg. The potential difference between the fila- 
ment and plate of the gun is 2,500 volts (2.5 X 
10° x 1.6 X 107! joules per elementary charge). 
The electric field Æ between the deflecting plates 
is 1,000 newtons per coulomb (1,000 newtons per 
6.25 x 10!* elementary charges). 

(a) If the deflecting plates are separated by 0.20 
cm, what is the potential difference from one de- 
flecting plate to the other? : 

(b) What is the speed of the electrons leaving 
the gun? . T 

(c) How long do the electrons take to pass > > 
through the length 1? : j 

(d) As an electron passes between. the deflecting 
plates, it picks up a sidewise velocity because of 
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the electric force exerted on it. How big is this 
sidewise velocity when the electron leaves the de- 
fiecting plates? ES Lam) 

(e) How far is the electron pushed sidewise in 
passing between the plates? 


yes distance beam 


bun pushed sideways beam when E = 0 
P e Ae ee 
Se Afr rise e. T 
E = 1000 newtons/coulomb LA Pefiecteg 


-—— 
-- 
-— 


- * 
V 2500 volts 


3) The electrical force between the plates is 


newtons 1,000 newtons -16 newtons 
n cm ` = 1.6 X10 ———— 
1,000 coulomb $ 


6.25 X 1918 elem chgs elem chg 


Since the separation is 2.0 X 19? mefers, a charge moving from one plate to the 


other would gain (or lose) an amount of energy = force X distance = 1:009 newtons 


; coulomb 
2.0 X10 8 meter = 2.0 eyes. . The potential difference js therefore 2.0 volts. 


Alternatively, we can write this as 1.6 x 19 19 newtons 


-3 
x = 3.2 X 
ten elem chg 2.0X10 ` meters = 3 
10 joules per elem chg. 


X 


b) The electric field between filament and 
of 1.6 x 19729 
2,500 volts, th 


plate gives the electrons a kinetic energy 


joules per volt of potential difference. Since the potential difference is 
ey reach the plate and leave the gun with a kinetic energy of 


16x 10719 joules 


volt * 2,900 volt = 4.0 x 10716 joules. 
Equating this to jmv”: ; 


EE PR eet 5X 0.91 x 10-8 x abr 


Io 2 
ye .2X40x10 (meters) 
LIUIUS . / meters 


0.91 x 10780 second 


2 
= 8.8 x 1014 meters) TOES 
Second 


7 meters 7 meters 

= 8.8 xX ———o- 0x ee 
Masia 19 second idc Second 
— Second 


td. 0.060 meter Ho 


7 - 020" eceond. 
x 3.0 X10" meters/sec 


= 29-41 


d) The sidewise force on the electron, d^ = 1.6 X 10 18 newtons, acting on the electron 


-9 
for a time t = 2.0 X 10 seconds, will give the electron a sidewise momentum: 


-16 T s 
mv, = P -1.6X10 ^ newtons X 2.0 X 10 P sec = 3.2 X 10 255 m/sec. 
Ft -25 
x ecd. Doc sns 
Hence, *s = ess =3.2%1 780^ 28X 10° meters/second 
0.91 X 10 


e) Since the acceleration is constant, the average sidewise velocity is the mean of 


04 3.5 X 10? 5 
Mur 


= 1.8 X 10? meters/second. 


seconds is therefore: 


the initial and final sidewise velocities, i.e. 


The sidewise displacement in 2.0 X 10? 


9 


y= (vy) average X t= 1.8 X 108 meters x 2,0 x 197? seconds 


seconds 
4 


= 3.6X10 ` meters, or 0.36 millimeter. 
PROBLEM 4 (a) For the apparatus used in Problem 3, find a 
: formula for the sidewise displacement of any ion 
accelerated through the same potential difference 
V in the gun and deflected by the same deflecting 
field E. Write the formula in terms of E, V, and /, 
the length of the deflecting field. 
(b) What is the influence of the mass of the ion? 
(c) What is the influence of the charge of the 
ion? : 


a) We repeat steps (b), (c), (d). and (e) in Problem 3: 


Step (b: dy = imv?, hence v? E Pav 


ae 
Step (c): t= wee 
x 


Step (d): = F t= qEt, hence v, = qEt/m. 
p (d) mv, = Fy q y q 


2 1gE, £ 
SEt gince t=, we have d ea x< and from (b), 


m v 


Step (e): y-iv t-$ 
x 


y 


> 


b, c) From part (a) the deflection is seen to be independent of the mass and charge of 
the ion. Of course the ions have to be negative. If they were positive they would never 
leave the gun, but reversing all potential differences would restore the status quo. The 
trajectories of ions of one sign of charge moving under the action of a given electric 
field are the same for all ions regardless of mass or charge (provided they all start 


from rest at the same point). : d 
PROBLEM 5 Fig, 29-35 shows a device for calibrating the am- 
meter A. It is an insulated can with a coil of wire 


in it. Water flows in at the top of the diagram, 
passes thermometer No. |. Then after flowing, 
past the coil of wire, it flows out at the bottom of 
the diagram past thermometer No. 2. The differ- > 
ence of potential across the coil in the calorim- 


bI 
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eter is measured, using a calibrated electrometer, 
so that we know the potential difference between 
the points œ and 8. In an experiment (i) the 
flow of water is 1 gram per second, (ii) ther- 
mometer No. 2 reads a temperature 1°C higher - 
than thermometer No. 1, and (iii) the electrom- 
eter reads a potential difference of 2.09 volts. — 
(a) What is the current through the ammeter? 
(b) How would you calibrate an ammeter with 
this device? 


heat insulation 


As the electrons flow through the coil they gain energy in an amount equal to the 
work done by the electric force. However they almost immediately transfer the energy 
acquired to the atoms ofthe metal. When the current is first turned on, the wire heats 
up. The wire soon becomes hotter than the surrounding water and loses heat.to the 
water. This exchange quite rapidly reaches a Steady state in which the temperature of 
the wire is constant the the energy transferred to the electrons by the electric field 
gives rise to an equivalent amount of heat transferred to the water. Consider what 
happerms in one second (after a steady state has been reached). 


a) In one second, 1 gram of water passes through. The temperature of the gram of 
water is increased by 1°C, so the energy transferred to the water is 1 calorie - 4.18 
joules. The work done by the electric field on a charge q is gV = 4.18 joules so the 
charge q passing in one second must have been: 


gs 
g= gaius = 2.00 coulombs. 


\ flow of 2.00 coulombs in 1 second is a current of 2.00 amperes. 


series as shown in the figure. The 
il. The measurement can be repeated 


b) To calibrate an ammeter we connect it in 
ammeter will carry the same current as the co 
tor several values of the current. 


29-43 


PROBLEM 6 


In the circuit shown in Fig. 29-36, two resistors, 
a diode, an electric motor M, and an electrolytic 
cell are connected in series with a battery, The 7 
difference of potential across each of these circuit 
elements is measured and it is found that they 
are all the same. A certain amount of heat is. 
dissipated per second in the first resistor. 

(a) What can you say about the ratio of the 
heat dissipated in each of the other circuit ele- 
ments to the heat dissipated in the first resistor? 

(b) In the second resistor? 

(c) In the diode? ' 

(d) In the motor which runs a fan? 

(e) If there is actually less heat dissipated in 
the electrolytic cell than in resistor i, which ter- 
minal, A or B, would be positive when the cell is 
used as a source of potential difference? 


heating 
current 


R; and R: are 
metal resistors 


a) The principle of energy conservation enables us to make useful qualitative state- 
ments about the behavior of each of the elements ofthe circuit. The same current must 
flow through each of the elements, since they are connected in series, and we are told 
that the drop in electrical potential is the same across each element. We can conclude 
that the same amount of electrical energy is supplied to each element. For each element, 
the amount of heat energy developed will then depend on what else is done witf the energy 
supplied. The fan and the cell can transform electrical energy into forms other than 
heat, hence they could develop more or less heat than the resistors and the diode. 


b) The two resistors must be identical, they receive identical supplies of energy. 
The same amount of heat must be developed in each. 


These resistors are simply long metaf wires. That their structure and composition 
do not change can be verified experimentally. Consequently the only thing that can 
happen to the electrical energy is that it becomes heat energy. 


c) In the diode, as in part (b), the only place the electrical energy can g0 is into 
heat. All of it will be converted into heat, and consequently the same amount of heat 
is dissipated as in the resistors. The conversion of electrical energy into heat is a 
two-step process: the potential across the diode accelerates the electrons from the 
filament to the plate, changing electrical potential energy into translational kinetic 
energy of the electron. This kinetic energy is then converted to heat energy in the 
plate when the electrons collide with it. 


med that the diode requires no other source of energy to 


In the above, we have assu 
perform its function. This would be true for a crystal diode, for example. For a 
an auxiliary source of 


vacuum tube diode such as is shown in the figure, however, 

current is required to heat the filament so that the electrons can escape more easily 
and travel to the plate, Heat will be dissipated at the filament due to the passage of 
this auxiliary current, but the extra heat due to the current in the main circuit will 


still be the same as that dissipated in the resistors. 


d) The motor is not an isolated system. It is turning a fan which moves air and this 
requires energy. Some of the electrical energy provides this mechanical energy and 
only a small part (if the motor is efficient) goes into heat. The rest goes into kinetic 
energy of the fan and the air which is moved by the fan. Thus considerably less heat 
is dissipated in the motor than in the resistors. 

e) The passage of a current in the electrolytic cell causes chemical changes in it, 
i.e. the chemical energy of the cell changes. It can increase or decrease, depending 
on which way the cell is connected in the circuit. If it Increases, then some of the 


electrical energy provided by the battery ig used in accomplishing this change, so only 


a part will be dissipated in heat. In this case less heat will be dissipated than in the 


resistor. On the other hand, if the chemical energy decreases, then this amount of 
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energy plus the energy from the battery must all be dissipated in heat. Then the amount 
will be greater than in the resistors. 


Since, in this problem, we are told that the cell dissipates less heat then the resistor, 
the cell is connected so as to increase its chemical energy. This means that passing 
current from terminal B to terminal A through the cell increases the internal energy of 
the cell. If the cell is now placed in a circuit in which it is the only source of energy, 
its internal energy will tend to decrease, which will mean that current will flow from 
A to B through the cell. In the circuit, the current will thus flow from B to A. Thus 
B is the positive terminal. 


A circuit in which all of the circuit elements have an equal potential drop is a very 
special one. In practice, each of these elements — resistors, diodes, motors, and cell— 
can have widely varying characteristics in regard to potential drop and heat dissipated. 


PROBLEM 7 Show that the energy dissipated in heat per 
unit time (the power used) in a metal resistor is 
given by the formula I'R. (The heating rate 
reckoned as FR is called the Joule heat.) 


In this problem on the conversion of electrical energy to other forms (in this case, 
heat), the result is true only for elements in which Ohm's law holds. 


If the current in the wire is I and the resistance is R, the drop in electric potential 
across the resistor is V = IR. This means that one coulomb of c arge loses an amount 
of electrical potential energy equal to V joules in passing through the resistor, and all 
of this becomes heat energy. Thus the current I, coulombs of charge per second, will 


give rise each second to an amount of heat energy IV = PR joules in the resistor. 


PROBLEM 8 (a) In Problem 5, what is the resistance in ohms 
of the coil? 


(b) Show that the power dissipation from the 
coil is given by ZR. 
Using the data from Problem 5, this 


problem gives a simple numerical check on the 
derivation in Problem 7, 


a) The current in the coil was calculated to be 2.00 amperes, and the potential 
difference across it is 2.09 volts. The resistance is given by Ohm’s law, V = RI: 


b) The power dissipation (Joule heat) is 


PR = (2.09)? X 1.05 = 4.20 joules. 


This (to within .02 joule, due to rounding-off in part (a) above) is the same as the 
heat energy we calculated from the data given in Problem 5. This had to be, since we j 
used the heat energy to find the current in the first place. [ 


PROBLEM 9 


D 


We have two lengths of wire made of exactly the 
same-metal and of exactly the same cross-sectional 
area. One wire is twice as long as the other. 

P (a) When the same difference of potential is : 
imposed on the ends of both wires, what is the i 
ratio bud the currents that will pass through the 

wires? 


(b) How does the resistance of a wire depend 
on its length? 


Problems 9 and 10 to 
length (Problem 9) and it 


" 


gether give the dependence of the resistance of a wire on its 
8 cross sectional area (Problem 10). 
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Ass Qu 


B p 
a) The drop in potential between the ends of wire B is the same as that between the 


ends of wire A. Since in B the ends are twice as far apart as in A, the electric field E. 


in B is only half of the electric field in A. The electric force on the electrons in B is 
therefore half of its value in A. Because the electric current is the result of a small 
drift velocity of the electrons superposed on their rapid thermal motions, the drift 
velocity is itself proportional to the force. The drift velocity of the electrons in B is 
therefore only half of that in A, i.e. the currentis halved. The resistance of the wire 
is defined by Ohm’s law: f 

v=IR; R=V/I 


and since V is the same for both wires, the resistance of B is twice that of A. 
b) If we have two wires of identical material and cross section, but one is n times 


longer than the other (where n is a whole number), we can repeat the above argument 
to show that if the same potential is applied to each, the current in the longer wire is 


1 times the current in the shorter wire. The resistance of the longer one is therefore 


n times that of the short one; i.e. the resistance is directly proportional to the lengths. 
It is then easy to see that this will hold for any lengths of the two wires; the resistance 
(for wires of identical cross section and composition) is proportional to the length of 
the wire. » 


PROBLEM 10 There are two wires of identical material of ex- 
actly the same length and the same cross-sectional 


area. - 

(a) If the same difference of potential is im- 

sed across their ends, what is the ratio of the 
current that will pass through them? i 

(b) If the wires side by side are viewed as à 
single conductor, what is the ratio of the current 
through this combined conductor to the current 
through one of the single wires with the same 
potential difference across its ends? 

(c) If we have a wire of twice the cross-sectional 
area and the same length and material as each 
of the original ones, what current do you expect 
will fow through it compared to one of the orig- 
inal wires, with the same potential difference 
across its ends? 

(d) What do you expect to be the dependence of 
the resistance of a wire on its cross-sectional area? 


a) If two identical wires have equal potential differences across their ends, the cur- 
rents induced must be identical. 1t does not affect this result if one source of potential 
is used for both wires simultaneously. As far as the electrons in the wires are con- 


cerned, the electric force they experience is just the same. 
b) 


The total current passed by the two identical wires is thus twice the current in 


either of them. 
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c) The current flow is along the length of the wires, in the direction of the electric 
field. There is no flow of current across the cylindrical surfaces of the wires. Hence 
it does not matter if they touch along their length. Thus we could touch the two wires 
of part (b) together along their length and regard the pair as one wire. The current in 
this '*new'' wire would be twice as great as in either of the original parts, and the 
Cross-sectional area would have been doubled. 


We could imagine each wire to be made up of many smaller, parallel wires having 
the same total cross-sectional area. The total resistance would still be the same as 
that of the original wire. Imagining that each wire of the pair is made up in this way, 
we see that the resistance of the two depends only on the total cross-sectional area, and 
not on their shape. Thus one cylindrical wire having the same cross-sectional area as 
the sum of the two would have the same resistance. 


Whether we have two identical wires or a single wire of equivalent cross-sectional 
area, a given potential difference will force twice as much current through them (or it) 
as it will through a single one of the original wires. By Ohm’s law, V = RI. Since I 
is doubled and V is the same, the resistance must be halved. 


d) The argument of part (c) leads us to believe that the resistance 1s inversely pro- 
portional to the cross-sectional area. 


. PROBLEM 11 
in Fig. 29-37 (a), ihe current through a metal 
circuit is plotted as a function of the potential 
difference across its ends, In Fig. 29-37 (b), we . 
plot the current through a diode as a function of 
the potential difference across it. 

(a) If a current of 5 x 10-3 amperes passes 
through both circuit elements in series, what is 
the potential difference from one end to the other 
of the resistor? What is the potential difference 
across the diode? 

(b) If the diode and the resistor are connected 
in parallel as in Fig, 29-37 (c), and the potential 
difference across the diode is 100 volts, what is 
the current through each of the circuit elements? 

{c) What then is the total current passing 
point 4 in the figure? 

(d) What is the resistance in ohms of the re- 
sistor? : 

a) From Figure 28-37 (a) we read that when 


[2:5 10:7 amperes, V - 140 volts. 


'S 
f 
34 
L2 
£2 
EG 
ET 
>20 
el 


- 600 
The same current in the diode (Figure E Seil = 
:29-37b) is produced by a potential difference in volts 
across the diode of 200 volis. 
RTS n. 
b) In circuits of this kind (Figure 29-370) gu 


one assumes that the wires themselves have 
negligible resistance. Thus the drop in poten- 


tial between the positive terminal of the battery 2 = 
and the adjacent end of the resistor is negli- SE 
- Bible. Similarly the corresponding ends of IE 
the resistor and diode effectively are at the i- 
same potential, so they have equal potential ge 


differences across them. 


200 400 
Potential difference 
in volts 


When the potential difference across the ex 


diode is 100 volts, the current it passes is 


-3 J 
about 2 X 10 amperes. We have argued n 
above that the same potential difference will DO CUNT 


. This completes the circle of our argument, and just 
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appear across the resistor, and from the graph 
we can find that 100 volts drives a current of 


3X 10? amperes through the resistor. 


c) The total current at A is the sum of the 
currents in the resistor and in the diode, i.e. 


(2+ 3) X 107? amperes = 5 X 10? amperes. 


d) The resistance of the resistor is, by 
Ohm's law, V/I. This is the reciprocal of the 
slope of the straight line in Figure 29-313. If 
the axes of the graph of Figure 29-37a were 
interchanged, then the resistance would be 
simply the slope of the straight line. We read 
on the graph that V = 0 when I= 0, and V-— 430 volts 


when I = 15 Xx 19? amperes. ThenR is given 
by: 


R= 430 vers - 0 volts =2.9x 104 ten 
15 X 10 amps = 0 amps 29-37 (c). For Problem 11. 
PROBLEM 12 The same diode and resistor as were used in 


Problem 11 are connected in series. The po- 
tential difference from one end of the circuit to 
the other is 1,000 volts. 

(a) What current flows through the circuit? 

(b) What is the potential difference between 
one end and the other of the resistor? 


a) Since the behavior of the diode cannot be expressed simply in terms of Ohm’s law, 
but must be read from the graph (Figure 29-37), the general problem would have to be 
solved graphically. For this particular case, however, the potential difference is so 
high that we can give the answer without actually drawing a graph. 


We are given the total potential drop across both diode and resistor, and it must be 
the sum of the potential drops across each; 


VR + Vp = 1000 volts. 


The same current flows through each. 


eu 


The maximum current we can get is limited by the diode, and from Figure 29-37 (b) 
We shall get this provided Vb is greater than about 


37 (a) that a current of this magnitude re- 
fact be (1000 - 200) volts = 800 volts, 


we read it to be 7 X 10? amperes. 


400 volts. We can now read from Figure 29- 
quires that VR = 200 volts. Then Vp must in 


which is greater than the potential required to give the saturation current in the diode. 
ifies our guess that the current is 


Xy: -3 
in fact the saturation current of the diode, 7 «10 ^ amperes. 
b) We have already calculated that the potential difference across the resistor is 


200 volts. 
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The general way to solve this problem for any applied potential is to consider the 
reverse situation, that the current is known, and calculate the total potential drop 
VR + Vp: We can then draw a graph of Va "E Vp vs. I, and interpolate graphically to 
find I for a given Vn m Vp: Reading from Figures 29-37 (a) and 29-37 (b), we can make 
up the following table» 


oo VR Vp Vg + Vp 
(in 10 amperes) (in volts) (in volts) (in volts) 
0. 0 / 0 0 
1 30 40 10 
2 60 90 150 
3 90 120 210 
4 110 160 270 
5 140 200 340 
6 170 270 440 
: zm and OE ies and Seated 


From this we then draw the following graph: 
Resistor alone. 


di 
6 
u 
: V+ V. = 1000 volts 
& 5 R D 
E | 
a 
fe | 
= : y 
H3 Resistor and diode in series | 
: | 
E 
O \ 
p? | | 
5 Va + V. = 400 volts | 


ES D 


200 400 600 800 1000 


Vn t Yo in volts 


The solution to the original problem can now be read from this graph. We see that 
it lies in the high-voltage region, where the behavior is very simple. 
Suppose the total potential drop is maintained at 400 volts. We can then read from 


the graph that the current will be approximately 5.6 X toc amperes, and that the 
potential drop across the resistor alone is 160 volts. 


k 
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PROBLEM 13 An inventor devises a charge selector for picking 
out water drops all with one charge. This con- 
sists of a small jet of water emerging from a nar- 
row glass tube and forming drops all of the same 
size. The drops are squirted horizontally through 
a region where a pair of charged plates provides 
a uniform vertical electric field. Beyond this 
region there is a wall with a small hole. The 
wall stops all the drops (and lets them run away 
to a drain) except those that just “hit” the hole 
and continue into some special apparatus that 
needs them. This arrangement selects water 
drops with a certain charge. (Fig. 29-38.) 

(a) How does the charge selected depend on 
the velocity of the drops? 

(b) Give a clear reason for your answer to (a). 

(c) If some of the drops were larger, say of twice 
the diameter, what charge would they need to 
be “selected” with the rest? 

(d) If the whole selector is now tilted (keeping 
the electric field perpendicular to the initial velocity 
of the stream), how does the selected charge de- 
pend on the angle of tilt? 


a) and b) What are the forces on a charged 
droplet when it moves between the charged 


plates? electric force 


air friction 


mg 


The air frictional force will be parallel to the i 
velocity, and in the opposite direction. The perl 
only situation in which the droplet will continue PP 


to move horizontally (as it must in order to go 
through the hole) is when the weight is exactly 
balanced by the electrical force due to the 
charged plates. In this case, since the drop 
moves in the horizontal direction initially, the resultant force on it will be only the air 
friction, also horizontal, so it will continue to move in the horizontal direction. 


Thus this apparatus selects those drops whose charge is such that the electrical 
force just balances the weight of the droplet. (The drops must have a negative charge 
with the plates charged as shown in Figure 29-38.) These drops will eventually go through 
the hole independent of the magnitude of their initial horizontal velocity, provided e 
it is great enough that air friction does not bring them to rest before they enter the hole. 
Our selector depends only on charge, not on velocity. 


c) The weight of the drops will be proportional to their volume, i.e. to the cube of 
TE diae For dropa sati Wd the diameter, the weight is eight times greater, 
and to balance this force, the charge must be eight times greater. The charge per unit 
mass of the selected droplets is constant. j ; 

d ii d, the droplets passing through the *hole will be those whose 
charge ip cut D lll dotoc E the component of the weight [ip sae 
to the plates. For these droplets we now consider only the forces which wi ina ELO 
parallel to the surfaces of the plates. This is the practical arrangement: the apparatus 
is tilted so that the drops drift toward the left of the apparatus las vw soe) ae | 
component of their weight parallel to the plate then insures a ds y drift spee 
the suitably charged droplets will not stop before reaching the hole. 


i i i i tional to their velocity, will 
These small droplets, since air friction will be propor A 
reach a terminal velati. at which the forces parallel to the plate balance. They will then 
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travel at this uniform velocity toward the hole. The vector diagram for this case is as 


follows: F gravity must be resolved into two 


components, one perpendicular to the plates 
and one parallel. For equilibrium, we must 
have F 


electrical (F oravity! perpendicular 
Under this condition, the speed of travel of 
the droplet will adjust itself until; 


E 


P cipctrical 


E 
air 


air (F gravity) parallel: 


Since the electrical force is required to equal 
the component of the weight perpendicular to Lo 
the plates, it is less by a factor 1 


F gravity 


(F ) 
E er endicular 7 cos 0. The selected charge is less by the same factor of 
gravity 


cos 9, compared to the case with the untilted apparatus. 


PROBLEM 14 Connect a 270-volt battery in series with a 
1,000,000-ohm and a 2,000,000-ohm resistor. 
(a) What potential difference do you expect 
across the megohm resistor? 
(b) What potential difference do you expect 
across the 2,000,000-ohm resistor? 


Now suppose you measure the potential differ- 
ences with a voltmeter. 


(c) If the voltmeter has a resistance of 10 meg- 
ohms, what potential difference would you expect 
across the 2,000,000-ohm resistor? 


(d) What potential difference would you expect 
to read across the megohm resistor? 


This is a straightforward problem in the application of Ohin’s law to a simple series- 
parallel circuit. If you discuss the problem in class, it is best to work through the 


solution following the method outlined in the text, without stressing ''formulas" for 
circuits. 


a) We see that Vi "E Vo = 270 volts. Since 


the current is the same everywhere in the 
circuit, 


-— V4 = IR,, and V = R3- 
Thus, 270 volts = IR rb Ry). 
I= 270 volts 
Ri + Ro 
ae E m NE IDE Bodl 
Do CIC m KR coque eee 
270R 
b i i3 2 .270vX2 meg - 
) Vo IR, R ex R, -- 8 meg 180 volts. 
c) With the meter in the circuit, we now have the equivalent of a 10 megohin resistor 
in parallel with Ro: : 


i As in (a), Vi * Vo = 270 volts. 
i> IR,. 
Nam LR, = PRm: 


+ AS 


3 


y 
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Since the currents I, and 1, must equal the total 
2 m Ri 
But V = 270 volts - Vo» so we can write 
270 ye ae nd ak AN2 Rat Ry) 
R4 2 Ro Rm R_R 1 
(R tR) 
wy = Um 592 
270 volts Vo VaR, RR” 
m 2 
R, (R + R,) 
E l'"m 2 
270 volts = V2 + NOST BOR R » 
m 2 
=V,|1+ uua 
2 R, R, 
Um 2 
2M 270 volts n 270 volts _ 270 _5 E 
Hence Vo R.(R + RO y^ I meg (12 með 3^8 X 270 = 170 volts. 
14 l'm 2 1+ 1 meg (12 meg 1+% 
5 
Rm2 20 meg ' 


(It may be interesting to solve for the other voltages and currents: 
V, = 270 - V2 7 100 yolts. 


1 
I= V/R, = o vots . 1074 amps. 
10 ohms 
1,2 VR; =i volts. = gx 1074 amps. 
2X10 ohms j 


I, = 1-1, = 5X 1074 amps.) 
d) Now R =2 meg, Ra = 1 meg, 80 


mo 270vots |. 270 . 5 " 
v-z aa a 99 84 volts. 
2 meg (11 meg) 145 
2 Be a 
10 meg 
Ses PUN DR 


point out to students that the solutions to 


If they don't notice it, it is worthwhile to 
meter would read 270 volts 


(a) and (b) do not add up to 270 volts even though the volt 
when placed across both resistances. 

You might also ask whether the students can figure out how to use the two meter 
readings of parts (c) and (d) to find out what the voltages would have been without the 
meter. This is easy to do if they have solved for V, and V, with symbols. From part 


(o), 


270 R_R 
ut 270 i m 2 À 
E Bafa * Baa? Mae 


1+ 
Rite 
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270 R R 
210 m 1 
and from (d), V. =s— nan T 5"23—— ———2—. 
z 1+ Ry Ba 2j i R n.2 E x ue x RIR 
RyRy 


Therefore V,/ Nom R,/ R,» 80 that even if the actual readings with the meter in place 
are not the same as without it, the ratios are. 


Alternate solution to part (o): 


V. V. 
| 2 2 1 1 
Noting that Ive h»c (isst). 
| ROR, 2 R5 Ra 
we can define the equivalent resistance for the parallel combination Ry and Rn by 
E ' V. 
+2 
Rp Lu» or 
Se gaa) GUTES EAM d 
R5 Va Ry Rm 
RR 
=_2 m 2X10 5 
Thon Pen pa Baan a a ries 


5 

270 volts R 270 X= 

V =R =— p- 3 170 volts. 
p R, + R, 8 


3 


I the equivalent resistance of a parallel com- 
bination of resistors, gives a convenient **formula'' to memorize, and involves slightly 
Simpler algebra. However, this approach tends to obscure what is actually happening 

to the currents and potential differences in the circuit. 


This more conventional method defines 


19 
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Chapter 30 — The Magnetic Field 


Chapter 30 introduces the magnetic field, its sources, the force it exerts on electric 
currents and moving charged bodies, and the mutual forces between electric currents. 
The chapter ends with a discussion of the measurement of atomic masses with the mag- 
netic: mass spectrograph. 


In the suggested schedules for the course it was pointed out that this chapter (together 
with part of Chapter 29 and most of Chapter 31) can be omitted without losing material 
essential to understanding the later chapters on atomic structure. For teachers who are 
pressed for time, it is worth emphasizing this point again. Chapter 30 presents a wealth 
of material on the magnetic field. Its approach is not the ordinary one. Rather than 
building the structure around concepts of magnetic poles and pole strengths, it introduces 
the idea of a current loop at the outset. This approach makes possible an effective organ- 
ization of magnetic phenomena. While the details of the measurements that are described 
are not basically difficult, there are many facts. In our opinion, to do complete justice to 
this chapter will require about two weeks. Although the material can be treated in one 
week, any less time is almost sure to result in confusion. Similarly, a week will be re- 
quired for Chapter 31. For this reason, if you do not have two weeks available for 
Chapters 30 and 31, we recommend that you skip ahead to Section 31-11. 


CHAPTER SUMMARY 


Sections 1-4 The chapter begins with the use of the compass needle as a device to 
sense the existence of a magnetic field and its direction. Magnetic fields associated with 
several shapes of permanent magnets and current-carrying electric circuits are examined. 
A particular shape of current circuit, the loop, is taken for the time being as the source 
of a standard field. With this standard we can study quantitatively the dependence of the 
field strength on the current and the size of the loop, and the fields produced by long wires 
and solenoids. The vector nature of the field is also developed in these arguments. Finally, 
an argument due to Ampere is given — that the magnetic field of a magnet can be pictured 
as arising from internal electric currents on an atomic level. 


Sections 5- 8 introduce the force experienced by a current-carrying conductor in a 
magnetic field. The mutually perpendicular directions of the field, current, and force, as 
well as the magnitude of the force are described. A standard of magnetic field is estab- 
lished in terms of newtons, amperes, and meters; the value of our temporary standard is 
then determined. The application of magnetic forces in meters and motors is described 
as a reminder that the forces we are studying play an important role in technology. 


The fact that one current exerts a force on a neighboring current, and vice versa, is 


approached through a study of the field which each generates in the vicinity of the other. 
Finally, the force a magnetic field exerts on moving charged particles is derived and 


Shown to be confirmed by experiment. í 
Sections 9 and 10 apply some of the ideas developed in previous sections by describing 
an experimental technique for measuring the masses of atomic particles. 


SCHEDULING CHAPTER 30 


The following table suggests possible schedules for this chapter, consistent with the 
schedules outlined in the volume summary section. Experiments which are specifically 
intended to precede class discussion of related material are indicated by the superscript P. 
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15-week schedule 9-week schedule 
for'Part IV for Part IV 


Class Class Exp't 
Period ierat Period Set 


RELATED MATERIALS FOR CHAPTER 30 


Laboratory Experiment IV-7, The Magnetic Field of a Current, uses a magnetic com- 
pass to explore the magnitude and direction of the magnetic field at the center of a loop of 
wire in which current is flowing. The experiment shows that magnetic fields add vectorially 
and are proportional to the current that produces them. This experiment is designed as an 
introduction to Section 3. The experiment should not take a whole period, so it can be com- 


bined with discussion. If both Experiments IV-7 and IV-8 are done, both can be completed 
in a single laboratory period. 


Experiment IV-8, The Magnetic Field Near a Long, Straight Wire, uses the methods 
of Experiment IV-7 to investigate the magnetic field near a current-carrying, straight 
wire. Magnitude as a function of distance from the wire is considered. This experiment 
is designed as an introduction to Section 4. 


Experiment IV-9, The Measurement of a Magnetic Field in Fundamental Units, uses 
a simple current balance to measure magnetic forces and establishes a unit of magnetic field 


strength. This high-priority experiment is intended to follow study and discussion of 
Section 4. 


Experiment IV-10, The Mass of the Electron, uses a common ‘‘tuning-eye’’ radio 
tube and the coils used for Experiment IV-9 to determine the order of magnitude of the 


mass of an electron. This is a high-priority experiment. It should be preceded by Experi- 
ment IV-9, and can be done after Section 8 has been studied and discussed. 


Home, Desk and Lab The following table classifies problems according to their estimated 
level of difficulty and the sections with which they are intended to be used. Those which are 
especially suited to class discussion are indicated. Problems which are particularly 
recommended are marked with an asterisk (*). Answers to problems are given in the 
green pages. 


Note. In many of the problems the magnitude of the magnetic field is required. Until 
Section 5 has been covered, the magnitude must be given in terms of By 


9, 10*, 12 
0:26; 
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Films ‘‘A Magnet Laboratory” by Dean Francis Bitter, M.I.T. A large magnet 
laboratory is used to demonstrate the magnetic effect of currents and the magnetism 
ofiron. Running time: 20 minutes. 


«Electrons in a Uniform Magnetic Field" by Professor Dorothy Montgomery, Hollins 
College. A spherical cathode-ray tube (containing gas to show the path of the eTectron 
beam) is used to give a fairly precise measurement for determining the mass of an elec- 
tron. The electron beam is deflected by Helmholtz coils. Running time: 10 minutes. 


«Mass of the Electron" by Professor Eric M. Rogers, Princeton University. A 
current-carrying loop of wire is used to deflect the electron beam in a cathode-ray tube. 
From circuit measurements and measurement of the deflection, the mass of the electron 
is calculated. Running time: 18 minutes. 

The last two films cover similar material. One or the other, but in most cases 
probably not both, may be shown to advantage in connection with Sections 8 to 10. 


Section 1 — The Magnetic Needle 


PURPOSE To introduce a familiar and yet fundamental device for sensing the existence 
and direction of a magnetic field. 3 


CONTENT A magnetic compass needle shows the existence of a magnetic field by lining 
up with it. The north tip of the needle points in the direction of the magnetic field. 


EMPHASIS The ideas are easy, but are basic to subsequent Sections. Treat as a reading 
assignment, introductory to Experiment IV-7. 


COMMENT It is common to refer to the “‘North Pole” and the ‘‘South Pole'' of a magnet 
as though there were equal and opposite magnetic charges at these points. As the text 
remarks, however, no one has been able yet to separate north and south magnetic charges 
although a number of experimental attempts have been made, some very recently. The 
text therefore does not introduce magnetic poles, but develops the picture of magnets and 
magnetic fields as created by electric currents (See Section 4). The current loop approach 
is quite different from the ‘‘pole’’ approach, even though both lead to the same answers to 
the questions dealt with in high school courses. Insofar as we know, no poles exist as 
such, only current loops. 


See the yellow pages on Experiment IV-7 for instructions on making a good compass 
from simple parts. 


Section 2 — Magnetic Fields of Magnets and Currents — Magnetic Field Lines 
PURPOSE To describe the two main sources of magnetic fields: permanent magnets i 
and electric currents; and to introduce the idea that the lines of the magnetic field, unlike 
the electric field, have neither beginning nor end. 


EMPHASIS Treat as a reading assignment, introductory to Experiment IV-7. 


COMMENT The point that the magnetism of permanent magnets is due to an electric 
current is taken up in Section 4. For now we simply note that both permanent magnets and 


electric currents produce magnetic fields. 

Oersted discovered that an electric current produces a magnetic field while giving 
demonstrations in a lecture on electricity in 1819. A prize had been offered fruitlessly 
in 1774 to anyone who could show any relationship between electricity and magnetism. j 
Until Oersted's discovery, no one succeeded. As mentioned in the text, Oersted's experi- 
ment can be done easily; a single wire, practically any battery, and a compass needle 
are all that are needed. A current of 5 amperes will cause a large deflection of the com- 


pass needle. 
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DEVELOPMENT This section is descriptive. It should give the student perspective for 
the quantitative material of the next section. Perhaps the best way of getting the ideas 


across would be to let the students play with bar magnets and compasses, perhaps at home. 


For instance, anyone with a long bar magnet and compass can see that the compass always 
lines up like the filings in Figure 30-7a. The fields around bar and horseshoe magnets 
can easily be explored with iron filings. Rather large currents (an automobile battery is 
probably necessary) are needed, to produce such patterns as those shown in Figure 30-7. 
Some students might like to make permanent their iron filing patterns on blue print or 
photographic printing paper. 


LABORATORY Experiment IV-7 should be done before the next section. 


Section 3 — Direction and Magnitude of Magnetic Fields; Vector Addition 


PURPOSE To show the vector nature of the magnetic field and that the strength of the field 
produced by a current is proportional to the current. 


CONTENT A standard magnetic field is arbitrarily chosen. It is the field produced at the 
center of a wire loop 27 cm in radius, carrying a current of 10 amperes. An experiment 
is described to show that the fields produced by two such standard loops add as vectors 
and that the magnetic field is proportional to the current which produces it. (These 
experiments are easy to do as described.) Finally, a method is given for measuring the 
direction and strength of an unknown magnetic field with a compass and a known field. 


EMPHASIS The ideas of this section are essential to the development of the next sections 


of this chapter. Experiment IV-7 with related discussion can carry the major teaching 
burden for this section. 


COMMENT The arbitrary standard field is introduced in order to 


understand experiments 
which show the vector superposition of magnetic fields. 


Studied. The temporary standard field is also 1074 webers/m^ or one gauss, but the 
names are not introduced in the text to avoid confusion of units. The standard field is 


also the same order of magnitude as the earth’s magnetic field; this comparison will be 
developed in the laboratory. 


Some students may confuse the radius chosen for the standard loop and the formula 
for the circumference of a circle. The radius is meant to be 27 cm = 6.28318cm. The 


circumference of the circle is 4r? cm = 39.4784cm. 


The burden of this section is to show that magnetic fields add vectorially, and it is 
here that the compass needle is a valuable measuring device. The fact that B œ I is 
established by showing that magnetic fields add as vectors. 


A method of measuring magnetic fields with a magnetic compass and a standard coil 


is described near the end of the section. This apparatus may be familiar to you as the 
tangent galvanometer. 


—— — d 
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Section 4 — Magnetic Fields of Steady Electric Current 


PURPOSE To establish a quantitative relationship between magnetic fields and their 
sources, and to suggest that all magnetic fields are caused by the motions of charges. 
CONTENT a. The argument concerning the field a the center of a loop can be sum- 
marized as follows: 

B oc I 


-3 lp 
or B = 27 X 10 r Bs 
b. Compared to the standard field B s the field around a long straight wire is 
I 

B-2x10? i B, where Ip is in amperes and d in meters. 

c. A right-hand rule can be used as a reminder for the relation between the direction 
of the current and the direction of the field. 

d. The field inside a solenoid is parallel to the axis and uniform. The field outside a 
solenoid resembles that of a bar magnet. 

e. The field of a permanent magnet may be caused by electric currents. 
DEVELOPMENT If you have two weeks to spend on this chapter you will probably want 
to treat this section in sufficient detail that, through use, students thoroughly understand 


the formulas for the magnetic field at the center of a loop and around a long Straight 
wire. It you are doing it in one week, the formulas should be regarded as unimportant. 


The majority of students should carry away the following ideas: 

1) The magnetic field goes around a straight, current-carrying wire in circles. 

2) The field decreases as the distance from the wire increases. If the distance is 
doubled the field 1s halved — not quartered as in Coulomb's law for a point charge. 

3) Thefieldatthe center of a current-carrying loop is perpendicular to the plane of 
the loop and, for the same current, decreases as the loop is enlarged. Again, as the 
currents get farther away the fields decrease. 

4) All magnetic fields are proportional to the currents that produce them. 

5) Actual values can be looked up by reference to this section! Actual values are im- 
portant in understanding, for instance, the measurement of the mass of the electron in 
the films. 


A discussion of HDL, Problem 7, embodies many of these ideas. The solution given 


in the green pages calculates actual values. A class discussion in terms of ratios would 
be,perhaps, even more valuable. Such a discussion should emphasize only the proportion- 


ality to current and inverse proportionality to distance. 
A suitable variation for a hard quiz or class discussion might be the following: 
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H The magnetic field is B, at a distance of 


lem from a long straight wire carrying 1 
ampere. This wire is crossed at right angles 
by another wire in the same plane carrying 

2 amperes. 


a) Find the magnetic field, in terms of B, 
at points A, B, C, and D. 


b) At what points is the field zero? 


(In the answers which follow, the field, at all points, is perpendicular to the page. 
“In” means away from the reader. ‘‘Out’’ means toward the reader.) 


(3) Point A: The field from the 1-ampere wire is B Š by the conditions of the problem, 


and ‘‘out’’ of the page, by the right-hand rule. The field due to the 2-ampere current is 
2B o since it is proportional to current. Again it is ‘‘out’’. The total field is 3 B, “out”. 


Point B: At this point the field is ‘‘in’’ from the 1-ampere wire, and the net field is 
2B -B -B. “tout”, 

OT oM 10 

Point C; From the l-ampere wire, B, is “out”. From the 2-ampere wire the field 
is ‘‘in’’ and is B since the field is decreased by a factor of 2 from its value at point A 
because of the factor of 2 in distance. The net field is zero. 


Point D: 3B, **in"' from the 1-ampere wire. 2B, ‘in’? from 2-ampere wire. The 
net field is 5/2 B ‘‘in’’. 


(b) The field is zero everywhere along the dotted line. 


COMMENT As a matter of interest, the magnetic field of a solenoid (not too near the ends) 
will be, in these units: 


-3 
p=40X10 "NI, 
£ 8 


j where 7 = number of turns per meter of axial length of the coil. 


| Section 5 — Forces on Currents in Magnetic Fields 


PURPOSE For a current in a magnetic field, to find the direction of the force exerted on 
a current relative to the directions of the current and of the magnetic field, and to relate 
the magnitude of this force to the current, the field, and the geometry. 


| CONTENT A right-hand rule is introduced to describe the mutual perpendicularity of I, 

| B, and F. The force is proportional to B, I, and £ where 4 is the length of wire in the field. 
i (The unit of magnetic field strength, the newton/ampere-meter, is introduced to change 

i the proportionality to an equality. In terms of this unit, the field at the center of a circular 
| loop and at a distance d from a long straight wire is given absolutely. ) 


The practical unit of magnetic field is defined in terms of the force that a magnetic 
field exerts on a current. One unit of field is the amount that will exert a force of one 


newton on a wire one meter long carrying one ampere of current at right angles to the field. 
The unit is properly called one newton per ampere-meter and is the same as the weber/ 


} m inthe m.k.s. system, or 104 gauss in the c i 
i , : -&-8. System. To avoid complexity, these 
| names for the unit are not used in the text. Our temporary standard of field strength, B T 


| had a strength of 10 ^ newtons/ ampere-meter. 
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EMPHASIS Understanding this section is basic to an understanding of the rest of the 
chapter. The student must know not only the direction of the force, but also the sense. 
In other words, he must know whether it is a push or a pull, up or down, right or left. 
This amounts to pure memorization, but it is necessary, due to arbitrariness of the rela- 
tionship between the sense of rotation of a current and the direction we call positive for 
the field produced by the current. 


COMMENT Mnemonic devices like the right-hand rule are dangerous, and the student 
should realize that he still must remember what goes along the thumb and what along the 
fingers. He is not ready for vector product notation, but ordering the factors can be 
helpful. Memorize the order IB. The first goes along the thumb and the second along 
the fingers. The student who is familiar with right-handed coordinate systems may pre- 
fer to think of I along x, B, along y, and F along Z. The teacher must decide whether or 
not to bring in the progression of a right-handed screw as I is twisted into B. 


LABORATORY Experiment IV-9 Should accompany or follow discussion of this section 
inclass. This isa high-priority experiment; if you have the time, it should be Scheduled. 


Section 6 — Meters and Motors 


PURPOSE To remind students that the forces on currents in magnetic fields are the 
forces that run meters and motors. 


CONTENT AD.C. ammeter and a D. C. motor are described qualitatively. 


EMPHASIS Treat as reading assignment. 


COMMENT Note that no attempt is made to derive an expression for the torque on the 
meter or on the motor armature. 


Students should be clear that, from this introductory development of the subject, 
there is no way of proving that the force on a current is proportional to By, or that it is 
perpendicular to B and the current. These are experimental facts — although a detailed 
look at the logic of our definition of B, coupled with a theory of atomic magnetism in our 
compass needle would show that these facts are implicit in our definition of B. The pro- 
portionality of the force to current and length of current-carrying wire are logical 
necessities. 


Note for defense against a penetrating question: : 

An especially alert student may ask why we must use our right hand to find the direction 
of the force. Why is nature right-handed? This is a most difficult question to answer. 
The answer is that nature is not, in this regard at least, right-handed. We could have 
defined a C-field to be in the direction of the South Pole of a compass needle. Then the 
right-hand rule of Figure 30-17 must be turned into à left-hand rule. Also, to get the 
force on a current in the C-field, you would put your left thumb along the current, the 
fingers on that hand along the C-field, and the palm would hit in the direction of the force. 
(Compare with Figure 30-21.) The predictions thus made about the directions of the 
force would agree with experimental observations. Clearly a free choice of what we call 
field direction is possible; and this choice (not nature) determines the apparent handedness. 
ices can also be used to shift the apparent handedness. The 


bringing this up unless the ques : 
as ammunition in case this rather penetrating question Comer up: 


DEVELOPMENT HDL Problem 13 contains elements of material from Section 7, but a 
discussion of it here would not be out of place and it can provide a basis for your develop- 


ment of the entire section. 
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Section 7 — Forces Between Two Straight Parallel Currents 


PURPOSE To develop the quantitative expression for the force exerted by one current 
on a second, parallel current. 


CONTENT A straight section of wire of length £ meters carrying a current of I, amperes, 
parallel to a long straight wire carrying a current of I amperes, is subject to a force 
F-2X10 LL #/d newtons, where d is the distance in meters between the wires. If n 
and L flow in the same direction, the force is attractive. If the currents are in opposite 


directions, the force is repulsive. The concept of magnetic field lines acting as rubber 
bands is introduced. 


EMPHASIS These ideas are important. Solving problems will help in understanding them. 


COMMENT .The idea of working directly with the relation between the force and the 
currents, length, and distance, together with the simple attractive or repulsive nature of 
the force, is instructive for this special case. The magnetic field concept, however, has 
great power because it permits the separation of the problem into two parts: the field 
produced by one current and the force exerted by that field on the other piece of wire. 


ands offers another mnemonic for the 


force acts (Section 5): Draw field lines around the 
current and superimpose the lines of the B 


applied field B1. The antiparallel lines 
attract, and the parallel lines repel. 


The purpose of introducing the force 
between two currents in terms of elementary 
charges per second, rather than amperes, is De RM 
to lead directly into the Study of the forces 


F 
exerted by magnetic fields on some elementary particles — the proton and the electron, 
for example. 


DEVELOPMENT Students should realize that this section is simply a synthesis of the 
ideas of Sections 4 and 5 for one particular case. 


arallel wire case is speci l, and is dis- 
cussed here because it can be solved. pecial, and is 


Problem 12, although it could have been solved with earl 
here in terms of the **rubber band’? forc. 
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EMPHASIS It is important to recognize the equivalence of a current and a stream of 
charged particles as far as deflection in a magnetic field is concerned. Not only does 
this equivalence have practical applications, but its recognition gives an orderliness and 
a consistent aspect to the scheme and makes it less a matter of rote learning. The 
expression F = qvB,, of course, has many applications. 


DEVELOPMENT The connection between the number of elementary charges per unit 

length of the wire and the number that pass a particular point per second is à slippery 
one that always gives some students trouble. Discussion of Figure 30-30 should help 

clarify this point. T 


There is a lot of physics in the proton example at the end of this section and its fur- 
ther development in Section 9. Concepts of energy, centripetal force, and the conditions 
for circular motion all enter. If you have time it will be worthwhile to consider this in 
detail. If youdon’t have time to take this up in detail, it will be well to pass by quickly 
rather than give it an ‘‘intermediate’’ treatment. In this case, probably only a few 
students will understand anything of the detail, but the majority should be aware that such 
a measurement can be made. i 


LABORATORY If you have the time, Experiment IV-10 is an excellent experiment. It 
must be preceded by Experiment IV-9. Since there is little laboratory work in subsequent 
chapters, this experiment may be delayed if your schedule suggests it. 


Section 9 — Using Magnetic Fields to Measure the Masses of Charged Particles 


PURPOSE To indicate how the masses of charged particles can be measured by accel- 
erating them to a known energy and observing their deflection in a known magnetic field 


perpendicular to their velocity. 
CONTENT The kinetic energy of the particle is computed according to the result of - 
Sections 6 and 7, namely mv = qV, where q is the charge and V the accelerating poten- 


tial. The momentum relation mv = qBr is derived. These two relations are combined to 
solve for the velocity and then for the mass. 


EMPHASIS If you have the time, 15 class periods at least, you can treat this material _ 


thoroughly. It is elegant. However, if you cannot do it well, don’t expect your average 
best to treat itas a reading assignment, 


students to get it. If you are short of time, it is 
and spend no class time on it. 

COMMENT Magnetic field strengths are given in newtons/(elem chg/sec)(meters) in 

this section and the preceding. They seem to be just fine for a reasonable deflection, but 
the numbers are so small that they may not make much impression. It may be interesting 
to note that electromagnets with iron cores produce fields up to about 2 newtons/ampere- 
meter and to see that the fields cited indeed are reasonable. The procedure of plugging 
numbers into the equations immediately to solve explicitly for the velocity and then for the 
mass is clear and straightforward. Some students may prefer to solve algebraically for 


m= qp^? /2¥ before substituting numbers. 

Note that the method given here for measuring the masses of atomic particles supple- 
ments the time-of-flight method given in Section 29-2. The time-of-flight method was 
introduced so the section on magnetism could be skipped. The magnetic method of measur- 
ing masses is, however, much more elegant, practical, and commonly used. 

FILMS There is a short laboratory film, ‘‘Magic Eye", for teachers on the use of the 
6AF6G tuning-eye tube in Experiment IV-10. The films ‘‘Electrons in a Uniform Magnetic 
Field” and **Mass of the Electron" show two different experimental techniques for 


electron mass measurements. 


POUR Section 10 — What Alpha Particles Are 


PURPOSE To describe the use of crossed electric and magnetic fields to identify fast- "v 
| moving, charged particles. 


Speed as v - E/B. Dividing the momentum by the speed 


EMPHASIS The deflection of alpha particles will be 
Chapter 32 as a method of probing atomic structure. 
crossed field method of velocity determination is both 
example of experimental design. Treat as little more 


used again in an important way in 

Like the mass Spectrograph, the 
an important technique and a good 
than a reading assignment. 


1 
f 
; 


a WA, S 
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Chapter 30 — The Magnetic Field 
Answers to Problems — For Home, Desk and Lab 


The following table classifies problems according to their estimated level of difficulty 
and the sections with which they are intended to be used. Those which are especially 
guited to class discussion are indicated. Problems which are particularly recommended 
are marked with an asterisk (*). 


SHORT ANSWERS 


1. (a) Allow compass needle to line up with unknown field. 
(b) Place the axis of the loop parallel to the unknown field. 
(c) 0.60 B... 
S 
2. (à B-0.50B,, leaning 37? forward from vertical. 
(b) Tilted to 53° forward from vertical. 
3. (a) 60° east of north. | 
(b) If B is east, B - B, 
4. (a) = 3.3 amp opposite to I. 
(b) B= 0.84 B.- 


5. 63.5? up in front, down in back, 1, = 7.5 amp. 


-q -11 newtons 
6. B-1.0X10 Bs to the right (1.0 X 10 "Ampere-meier . 


7. In units of Bs: and directed in or out of page, the field is at P: 0.67 out; 


Q: 0.40 out; R: 0.93 in. 
8. In units of B, and directed in or out of the page; 


Q: 1.2in; R: 0.67 out. 


the field is at P: 0.13 out; 


9. (a B-2X10 ^ ni/amp-m into the page. 
(b F=4% 10 * nt toward the other wire. 
(c) Equal, but opposite, to the force found in (b). ` 
10. (a) 2X 10? newtons. 


(p 2x 10? kilograms. 
(c) See discussion. 
li. 18° ‘back’? into page from the axis of the loop. 
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12. In nt/amp-m, at Q: B.-3.0x 1073, up. 
S: B.-10x 19* down. 
P: B= 2.2x ur into page, 26.5? up from horizontal, 
R: B. = 2.2X 1079 out from page, 26.5? up from horizonta], 


13. (a) Equal and opposite. 

(b 1.0x1077 newtons to the right. 
14. The rubber band Stretches into a circle in the original plane. 
15. (a) Zero. 

(b) 22.310: ata downward. 


(o) 2x1079 kg. 
(d) See discussion. 


16. d=1 meter. 
17. See discussion. 
18. (a) 9.8 X 10* m/sec. 
(b 6.7 x10?" kg. 
19. (a) 6.25 x 1912 electrons/sec. 
(b) 2.08 x 10° electrons/meter. 
(c) 2.00 x 19728 newtons/ampere-meter, 
(d) 1.0 X107" newtons. 
(e) 4.8 x 10714 newtons. 


20. 5.0 X 104 m/sec. 
21. 0.02 meters. 


22. (a) 3.6x19 9 Seconds, 
(b) 0.15 meters. A 


(c) 3.6 xX 107? sec;0.30 m. 


23. (8) B.6X 10 13 ke /coulomh, 
(b) Electrons, : 


COMMENTS AND SOLUTIONS 


PROBLEM 1 Yonar 


ever you want. You are to determine the direc- 
tion and Magnitude of an unknown Magnetic 
field at a definite Point in a room, 
(à) How would you find the direction of the 
d? $ 


(b) How would you arrange the wire loop so 
that its magnetic field could cancel the unknown 


(c) If the current needed in your loop to cancel 


the unknown Magnetic field is 6.0 amperes, how 
large is the Magnetic field? 
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3) To find the direction of the unknown magnetic field we need a compass needle that is 
free to rotate both vertically and horizontally; it will then line up in the direction of the 
magnetic field. With an ordinary compass, this is much easier said than done unless the 
magnetic field happens to be horizontal, or we are satisfied to find only the horizontal com- 
ponent of the field. If the axis of the compass needle is supported on both sides of the 
needle as in a dip needle, itis possible to place the axis in a vertical position and find the 
direction of the horizontal component of the unknown field. Then with the axis placed hori- 
zontal and also perpendicular to the horizontal component of the unknown field, the needle 
will point in the direction of the field. One practical difficulty is that the pivot point and 
center of gravity of the needle must coincide to avoid the extraneous effect of the gravita- 
tional force which tends to line up the needte withthe center of gravity directly below the pivot. 


b) The magnetic field at the center of a circular loop of current is directed along its 
axis. The field due to the loop can cancel that of the unknown field only if the loop is lined 
up with its axis parallel to the direction found in (a). The direction of the current in the 
loop can then be chosen to produce a field in the opposite direction from that of the unknown 
field. 


c) In Section 3 the field at the center of a loop of radius 27 cm with a current of 10 am- 
peres was chosen as a standard field (B Ap Since the magnitude of the field varies in direct 
6 j 


proportion to the current, a current of 6 amperes will give a field of 45 B, at the center of 


a loop of radius 27 cm. With this current the loop's field is equal to the unknown field. 
Therefore the magnitude of the unknown field is also 0.6 Bs: 


PROBLEM 2 


a 


30-34. For Problem 2. 


Two circular wire loops, each of radius 2v om, are 
set up at right angles to each other with à com 
mon center (Fig. 30-34). 

(a) If 1, = 3.0 amperes and I, = 4.0 amperes, 
what are the magnitude and direction of the mag- 
netic field at the center 0? —— 

(b) How is the field changed if we make I, = 4.0 
amperes and I, = 3,0 amperes? 


a) We first work out the magnitude and direction of the separate magnet# fields pro- 
duced by each loop current. Each loop has the 8 radius of 27 om. We know that 
the magnetic field varies, in direct proportion to the current. If a current of 10 amperes 
produces a standard field B. at the center of the standard loop, then the current I, = 


3.0 amperes produces a field of 0.30 B, Similarly I, produces ¢ field of 0.40 By 


A T 
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In each case the direction of the field is 
along the axis of the loop. By reference to 
Figure 30-6 (b) of the text, or by the right- 
hand rule, we can decide which way along 
the axis of a loop each field points. 


We can draw a scale diagram of the mag- — 
netic field vectorg Bi and B, and construct 


the resultant. The diagram shows how this 


would appear if we were looking from the 
right. 


From the graphical construction we can 
find the magnitude of the resultant field and 
the angle 6 to the vertical. Alternatively, by 8 
the Pythagorean theorem: 


EXENEM 
CIA 0 
RAS ER "s and 
8 = 37°. 


b) Interchanging the magnitudes of the two 
currents we now have Bi 7 0.40 B a and B, = 


0.30 Ba: B = 0.50 Bs as before. The angle 
9 is now 90° - "37° = 53». 


PROBLEM 3 A uniform magnetic field Bis perpendicular to the 
! horizontal component of the earth's magnetic 
field B, and points east, 
(a) The ratio B/B, = V3; in Which direction 
Will a compass needle point? 


Note: the compass needle rotates in a hori- 
zontal plane. 


(b) If the compass needle points n rtheast, 
what is the direction and magnitude of P 


From the problem Statement, some students may not be sure whether B. is the earth’ s 


3) Since we know the directions and relative magnitude of both fields, we can draw a 
Vector diagram to Seale, and construct the resultant magnetic field vector B. From it 


We can find both the magnitude of B, relative to that of B, and the direction of B: 
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North 


East 


Some students will recognize a triangle whose sides are in the ratio of 1:/3:2 as a 30°- 
60^- 90? triangle, or we can find the angle 0 from the diagram or by trigonometry: 


tan 0 = me NE V3 , therefore 0 = 60°. 


B 
e a 
; 4 B East 
The compass needle will point 60 east of north. S 
b) If we continue to assume that B points B B 
e r 


east we can find its magnitude by constructing 
the vector addition triangle of B, By and B. 7 


These three vectors form a 45° right triangle, 
so B= Be. 


PROBLEM 4 


Three circular wire loops with radii r,, r,, and r, 
are arranged: as shown in Fig. 30-35. The two 
loops with J, and J, are in the same horizontal 
plane; and the third loop with current 7, is per- 
pendicular to the other two. The radii r, and rz 
are 5.0 cm and 15 cm, respectively. 

(a) If J, = 20 amperes and J, = 10 amperes, 
how big must /, be and in what direction, so that 
the magnetic field at O points directly out of the 
page? 

(b) What can you say about this value of B? 


mon center by anyone of 


a) We note first that the magnetic field contributed at the com 
is perpendicular 


the three current loops Jies along the axis of that loop. The field due to I, 
to the page, while the fields of L and " 


are both in the plane of the page. Making 
use of the right-hand rule we can draw in 
the directions of the three fields B, B, 
and B, due to each current E I, and Iz. 
To obtain a resultant field out of the page, 
B, and B, must cancel, i.e. be equal and 


Opposite. The directions of B, and B, 
are opposite if I, and I, flow in opposite 
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directions as indicated. In Section 4 it was learned that the magnitude of the field at the 

center of a loop of current varies directly as the current and inversely as the radius. 
3379 BM 50cm 4 


Therefore to make B, - B, requires that Fp = $2! From this, ht Ty c geris FE 


Hence, . 


Xe E A 
1^3 I, WS X 10 amperes = 3.3 amperes. 


b) We have arranged for B, to cancel B, at the common center O. Then the only re- 
sultant fleld ‘at O is the field Bg; due to current I,. From Section 4 we have: 


Lon] 


33a a orxio x25 . 
B, = 27 X 10 XI d X TIS Ps 0.84B . 


Altermatifély, using the results in Section 5: 


-7  newtons 20 amperes -4 newtons 
bat. MA civ gs eo ATEREA) = o.a x20 T OS 
3 ( (amperes) ) Ge meters ampere-meter 


PROBLEM 5 In Problem 4, how must the small loop be tilted 
and what current must it carry if the resultant 
magnetic field at the center is to be zero? 


The two loops with currents I, and I, 
produce magnetic fields B, and B, along their 


respective axes as shown in the figure. Their 
resultant is also indicated. Since the loop 
with current L also produces a field Bi along 


its axis, we need to tilt the loop back (up in 
front, down in back) until B, is opposite to the 


resultant of B, and B,. To find the angle of 
tilt we need to know the direction of the resul- 


tant B, m B, and therefore the ratio E Since the two loops have the same radius, 
2 E 


Buy 

aus. 20 amp 
B, [3 b "io amp ~ 2 so that the small loop has to be tilted through an angle of 63.5* 
(tan 


Axis of loop 1 
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We can find the magnitude of B, in terms of B, by the Pythagorean theorem: 
fummo MI de ie 
. BL = yBy *Bg =y By + 085) = VEB,. 


Noting that the field at the center of a loop varles directly as the current and inversely 
as the radius we have: 


" 


bo D 
Bo nn : 
f PAM q 
Therefore $$ z 
lo Bo To 
Finally, L = 0.751, 


PROBLEM 6 


A ring 27 cm in radius is uniformly charged and 
is rotating about an axis through its center as 
shown in Fig. 30-36. If the total charge on the 
ring is q = 1.0 x 10-* coulombs and the ring 
rotates at 100 revolutions per second, what is the 
magnetic field at the center? 


The motion of the charges carried by the rotating ring constitutes a current and 
results in a magnetic field. To find the magnitude of the current, we need to know how 
much charge goes past a fixed point in à known time. In one revolution (i. e. 1/100 


-8 
ring, and therefore all of its charge (i.e. 10 X i0 ~ coulomb), 


second) every part of the 
; is the charge traveling past divided by the time of 


goes past a fixed point. The current i$ 
travel: -8 
1.0 x 10 coulombs 210* 1078 amperes. 

1.0 X 10 ^ seconds y 
Therefore we have a circular loop of radius 27cm, with a current of 1.0 X10 
amperes. A current of 10 amperes in this size loop gives a magnetic field B, at the 
center. Since the magnetic field varies in direct proportion to the current, the mag- 


netic field at the center of the ring B is given by: 


-6 jt Ü 
B 10x10 amperes- 1.9 x10 T or B= 1.0% 10 TB, 


B, 10 amperes dria. 
E | lois -11, newtons _ 
Since B, = 1.0 X 10 4. newto _ g-10xX10 X10 710X10 '"gmpere-meter 


ampere-meter' 


The direction can be found by reference to 
Figure 30-6b of the text or by the right-hand 
rule: 


q= 1.0 X 107? coulombs 
(spread on rim) 
B 
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PROBLEM 7 


Two very long straight parallel wires, one carry- 

ing 10 amperes and the other 20 amperes, are 

separated by a distance of 10 cm (Fig. ,30-37). 

Find the magnitude and direction of B at the 
| points P, Q, and A shown in the figure. 


t + = 20 omps 


For purposes of description we will picture the wires as lying in the plane of the 
page. The magnetic field lines due to the current in a single straight wire are circles 
coaxial with the wire. The current in each of the two parallel wires therefore gives a 
field perpendicular to the page at the points P, Q, R. By means of the right-hand rule 
we decide whether the field is in or out of the page. The magnitude of the field due to 
each current, I (in amperes), is given by B = 2 X 19? I Bs Where d is the distance 
from the wire (in meters). The resultant field is obtained by adding the field due to 


each current, as shown in the table: 
Field due 
to I, = 20 amps 


2x10? x 20 d 
15x10? 8 
0.27 B., out 


Resultant field B 


0.67B , out. 
g: CO 


-4 nc tons 
x a di cnn RB 
ii ampere-meter) 


-3 Ps 
2x10 "x10 2x x 
Econ RU P eam cu 
5 X10 5 X10 8 è 
0.80B_, out. Cao eoe a newtons ... 
S EF ampere-meter 


0.93B., in 


(.93 x 1074 newtons 
ampere-meter 


— 


PRO em 
ROBLEM 8 Suppose in Fig. 30-37 that the direction of J, is 
reversed. Find (magnitude and direction) at 

the points P, Q, and R. 


We note that reversing a current reverses the direction of the magne i 

tic field pro- 

duced by it. By changing the direction of the field produced by I, we ped the table 
given in the preceding problem as follows: 


Field due to L Field due to L Resultant field B 
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PROBLEM 9 Refer to Fig..30-37. —. 
(a) Find the magnetic field produced by /, at a 
point on the wire which carries the current /;. 
(b) What is the force per meter acting on the 
wire carrying the current /,? 
(c) What do you think is the force per meter 
acting on the wire carrying I? Why? 


a) The field produced by I at a point on the wire carrying I has a magnitude: 
KI 


B=- =2 x 1077 Rewtons „ 10 amperes .. 2 x jo- newtons —— 
ampere JU Mete rimae ampere-meter 


By the right-hand rule it is into the paper. 
b) The force of the field from Iona one-meter length of the wire carrying L is 


newtons 


-4 
x = 
ampere-meter 20 amperes X 1 meter = 4X10 _newtons. 


F = BL£-2X 10? 


By the right-hand rule the force is directed toward the other wire. 
c) The force on a one-meter length of the wire carrying the current L is equal but 
opposite to the force found in (b). This is because the force on a length £ of either wire 


is given by F = KI, I, 4 


PROBLEM 10 


The two parallel circular loops of wire shown in 
Fig. 30-38 each have a radius R = 20 cm and are 
separated by a distance d — 0.5 cm. The bottom 
loop is held fixed and the top loop hangs from one 
end of the arm of an equal-arm balance. Since 
d is much smaller than R, the magnetic field pro- 
duced by one loop at the other is practically the 
same as if both were long straight wires. 

(a) If the current in each loop is 20 amperes, 
how big is the force of attraction of one loop for 
the other? 

(b) How much additional mass m must be 
added to the right-hand balance pan to keep the 
loops separated by 0.5 cm when the currents are 
turned on? 

(c) How can you use this device to measure an 
unknown current? 


a) The magnetic field at a distance d from a long, straight wire carrying a current I 


is B- El, The magnetic field arising from the current in the lower loop has this value 


d | 

at the upper loop where d is the distance between the loops, 0.5 cm. The loops are ob- 
viously not long, straight wires, but most of the field arises from the nearby portions 
of the lower loop; consequently the error introduced by this assumption is certainly very 
small. The force on the upper loop is F = Blt, where £ is the length of wire in the upper 


loop, 27 X .20 meters. Then 
2 2 27 X0.20 meter -2 
- o _ 2m X 0.20 meter . 
F= B= nt ss Ut) 1 -newton,. x (20 amperes) =—} 0905 meter 2X10 " newtons 
ampere RTL 
b) A force equal to the magnetic 


balance pan. The added mass, m, 
Should be such that 


force can be obtained by adding a mass to the 
on which a gravitational force mg would be exerted, 
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mg = = 2 X 10^? newtons. 


Kt 
d 


-2 
_ 2X10 ` newtons 29x10? 
This means m = "gg newtons - 2X10 kilogram. 


kilogram 
The balance can be restored to its initial position by putting this mass on the right-hand 
pan. 


c) To use this device to find the value in amperes of a current flowing through each 


loop, we experimentally determine the mass m required to balance the magnetic force, 
and use the relation 


3 mgd E -7 newtons 
i KD K-2*X10 Tama ee 
(ampere) 


This relation comes from 


F= 


ki 
E, 


Thus P.RL, but F = mg, and £- 27r. 


In view of the definition of the ampere in terms of the force between parallel wires, 
a current meter which is to measure amperes must be calibrated, at least indirectly, 


in terms of a current'balance measurement. Intermediate standards may be used for 
convenience. 


PROBLEM 11 


A circular loop of wire carries a current of 10 
amperes (Fig. 30-39), A long straight wire also . 
carrying a current of 10 amperes is placed parallel 
to the axis of the loop and passes through a point 
on the circumference. In what direction will a 
compass needle point if it is placed at the center 
of the loop? 


——— 


I = 10 amp 


We find the magnetic field produced by each current and find the direction of the resul- 
tant of the two fields. The direction of the fields are as shown: 


B ire 
Resultant B 
Bloop 


j 0-18? 


Bo 
wire 
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B. =2 Lagu 41h 
loop ^" p wd Bine a A ox. 
The ratio of the two fields is 
Bwire 11 1 
8 v Ape m 
loop 2 


Bu 
Therefore tan 0 — au. = 0.32, and 0 = 18°. Thus the resultant field at the center of the 
loop à 
loop is 18? ‘‘back’’ into the page from the axis of the loop. An ordinary compass placed 
ü at the center of the loop will point along the horizontal component of this resultant field 
3 By ire)’ A dip needle placed so that its axis is along r in the above diagram will point 
along the resultant field. 


PROBLEM 12 A long straight wire carrying a current J = 100 

amperes is perpendicular to a uniform magnetic 

field of strength! Be LOKO a e 

i ampere-meter 

(Fig. 30-40). What is the strengih and direction 

of the resultant B field at the points P, Q, R, Son 
a circle of radius 1 cm around the wire? 


newtons 
amp. meter 


> 
B= 10> 


12 100 amps 


100 ampere current in the wire 


We find the field B produced at each point by the rs 
ant field B » at each point. The 


and add it vectorially to the field B to obtain the result 


magnitude of B. is 
3 newtons 


2 
- ewtons ., 10 amperes _ Oe Rew Lone s 
T newer x Zee ampere-meter 


p -2x10 T 
"m M bere 10 : meter 


The direction of B_ at each point is shown in the diagram at the top of the next page. 
3 w 
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100 amps 
® into paper 


B 
w 
At Por R, B.= /B^« B.2- y1 «22 x103 22 x 1973 = newtons_ 
— — — —áaámp-meter 


meter ` 
-3 -3  newtons 
= - = = X1 =1xX ————— 
At S, B, B. B* (2-1) 0 1X10 


amp-meter' 
-3 -3 newtons 
= = x = ——————., 
At Q B =B, +B (2*1 x10? - 3x10 ACER 
The directions of B p are as shown in the figure. For the angle 0, 
-3 
tan = B= 1X10" 4, 
w 2X10 
0 = 26.5°. 


In discussing this problem do not fail to point out that since the field at Q is greater 
than at S, the ‘“‘rubber bands of the field'' are more “tightly packed’? at Q than at S, and 


there will be a force on the wire tending to move it from Qtoward S. This is the same 
direction as given by the right-hand rule. 


PROBLEM 13 


A square coil 10 cm ona side carrying a current of 
1.0 ampere is placed 10 cm from a long wire 
which also carries 1,0 ampere (Fig. 30-41). 

(a) How does the force on AB compare with 
that on CD? 


(b) Compute the net force on the coil, 


n 
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a) By inspection of Figure 30-41 it is apparent that the wires ABand CD are placed 
at equal distances from the long straight wire. Since the current in AB is opposite to 
that in CD, the magnetic force on AB due to the magnetic field of the long straight wire 
is oppositely directed to that on CD. The force on each side is directed toward the 
center of the loop. To see this we use the right-hand rule of Figure 30-17 in the text 
to establish the direction of the magnetic field of the long straight wire in the vicinity 
of the loop. It is directed into the plane of the paper. Now we use the right-hand rule 
of Figure 30-21 of the text to establish the direction of the force on the sides of the loop. 
In both cases the force is toward' the center of the loop. It is true that the forces at 
different points along AB are not everywhere the same, because the magnetic field 
strength of the long straight wire varies inversely with the distance from the wire. 

But point for point, the forces on corresponding portions of AB and CD are equal but 


opposite. 
Therefore, there is no net force on the coil due to the interaction between the 
magnetic field of the straight wire and the coil sides AB and CD. 


b) The sides, AD and BC, of the square coil are at different distances from the wire. 
Because the field varies inversely with the distance from the wire, the force on AD is 
greater than the force on BC. The currents in the sides of the square loop are in op- 
posite directions, hence the forces are in opposition, and the net or unbalanced force 
is the difference between the two. In general, 


e -7 
F-2X10 Ll, yd. 
In this case both currents are the same, 1 ampere. Therefore 


2 " 
ED 107 1.07 X 0.10 _ 9.9 x 19 T newtons, to the right, 


AD 0.10 
2 
-7 1.0° X 0.10 -7 
= el ie Al E x ft. 
Fac 2x10 0 1.0 X ao newtons, to the left 


The net force is Fap- Fgc 7 2.0 X 107” - 1.0 x 10 2 10x 10^" newtons toward the 


right, or away from the long straight wire. 


PROBLEM 14 


A rubber band is covered with a conducting coat- 
ing. Electrical connections are made to the rub- 
ber band so that a current runs through it (Fig. 
30-42). What happens when it is placed in the 
magnetic field B shown in the figure? 


= n each portion of the rubber band lies in the 
Mig Acci ior pub) oe a ce the current is the same in every 


plane of the rubber band but is directed outward. Sin : 
portion of the loop, and because we can consider the loop as being made of many small 


force on each similar small portion of the 


straight portions, we conclude that the e ard. By symmetry, the effect of these 


circuit is equal in magnitude and directed o 
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outward forces is to move the rubber band until it assumes a circular shape. The Stable 


shape occurs when the magnetic force on each segment is balanced by the tension or 
elastic forces at each end of that segment. 


Notes on Problem 14. 


1. An interesting question to raise in class is: What happens if the current is re- 
versed in the rubber band? Does the circle flip over? A moment’s reflection will con- 
vince you that since the force is now inward instead of outward the rubber band collapses 
inward toward the center and then continues outward away from the center until it again 
forms a circle, each portion of which has come from a position diametrically opposite. 


2. To find the tension force, T, in the rubber band consider one half of the circle alone, 
Within this semicircle, the net force in the X 


» 
direction is zero (by symmetry). The resul- 

tant force of the magnetic field on the current 
is in the Y direction. It is balanced by the 
tension, T, acting on each end of the semi- 
circle and thus is equal in magnitude to 2T. 
Now consider the Y component of the mag- 
netic force, AF w on a small element of the 


semicircle, As. Y 


AF in = BI(As). Therefore, (Fy = BIAs cos 9. 


But As cos 6 is the component of the element, As, along the X-axis. If we sum up the 
(Fy for each element of the semicircle, since B and I are always the same, we get 


But this sum of all As cos 0’s is simply the 
therefore we have 


2T - BID, and T = BID. 


total Cn )y = BI (sum of all As cog 9s). 
diameter, D, of the circle, 


. force is linear with the current, so the sca 
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PROBLEM 15 The magnetic field inside a long solenoid is uni- 
form and parallel to the axis of the solenoid. 
(a) What is the force on a current-carrying 
wire inside the solenoid and parallel to the axis? 
(b) What is the force on the wire shown in Fig. 
30-43 which carries a current of 1.0 ampere, if the 
i ee newtons 
field B in the solenoid is 1.0  10-? — — — — 
ampere-meter 
and the length CD is 2 cm? 
(c) How much mass m should be placed on the 
other end of the balance to keep it from tilting? , 
(d) Describe how you could use this set-up as 
'an ammeter. 


` 8) The current in a wire parallel to the axis of a solenoid is also parallel to the field 
of the solenoid, hence there is no component of B perpendicular to the current. The 
force on such a wire is zero. (The effects near the end of the solenoid, where B is not 
quite parallel to the current, are negligible. Ifa student doubts this, ask him to work 
out the forces on both wires, using the appropriate components of B, with the right-hand 


rule.) ? 


i t CD are 
b) As stated in (a), the wires carrying the current to and from the segmen 

Galatia! to the He There is no force onthem. The current in CD is perpendicular to 
the field. By the right-hand rule of Section 4 this force is down. The magnitude of the 


force is BI: 


3 -4 
r-10x102x1.0X0.02- 2X10 newtons, 


c) Assuming that the balance is an equal-arm balance, the force found in (b) can be 


counterbalanced by a mass, m, whose weight ( 


Solving for m (g = 9.8 m/sec’): 


w = mg) must be equal to 2 X 107^ newtons. 


-2x10^? kg. 


replaced by the force of an extended spring. The 
linear with the stretching force, and the magnetic 
le of the spring balance could be marked in a 


2x10 
XLI iy 


d) The weight ofthe mass could be 
extension of a spring is approximately 


linear way to read amperes directly. 
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PROBLEM 16 


Two long parallel wires are Placed perpendicular 

to a uniform magnetic field (Fig. 30-44). 
newtons 

ampere-meter | 

A current J = 1 ampere runs in opposite direc- 


tions along the Wires. At what separation d will 
, there be no net force on either wire? 


B=2x 10-7 


There will be no net for 
wires is zero. The field at each wire, due to 
B. We then simply adjust the Separation of the wires 


-7  newtons 
mox 
We are given B = 2 10 ampere-meter' 


-TI  newtons 
= eee aw 
bes Bur SB d ampere-meter' 


We must make B- By 


2X107 xi. 2x 1977 


$ 1 d=1 meter. 
PROBLEM 17 (a) Show that a square loop of wire carr ing a 


current will always tend to align itself in à map. 
netic field so that the plane of the loop is perpen- 
dicular to the field. 


(b) What do the Magnetic forces tend to do to 


the loop in this position? (Hint: draw a side 
view.) 


* * * 


If you are forced into a more detailed discussio 


E 


n, the discussion below may be of help. 
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A completely arbitrary orientation of a 
square loop and the magnetic field direction 
is shown at the right. Here we have taken 
the direction of the field (we will assume it 
to be uniform) to be along the positive Z-axis. 
The square loop ABCD is initially oriented so 
one side AB is contained in the X-Z plane. 
The arrowheads indicate the direction of cur- 
rent flow around the loop. The vector N is 
normalto the loop. Using the right-hand 
Yule, we have drawn the forces on the sides AB and CD. (The field direction is parallel 
to the Z-axis, the current AB lies in the X-Z plane; the force is perpendicular to the 
plane defined by the current and the field; therefore the force, F AB is perpendicular to 
the X-Z plane and it points in the negative Y direction.) à 


The force on CD, F cD’ is equal in magnitude and opposite in direction to F AB’ This 


is true because CD is parallel to AB (the loop is square). Therefore CD will lie ina 
plane parallel to the X-Z plane, and this plane also is parallel to the field. Furthermore, 
the component of the field perpendicular to the current is the same for CD as for AB, 
again because the sides are parallel. 


Let us assume that the loop is pivoted about the side AB. Then under the action of 
Fop the loop will turn until the two sides AD and BC are parallel to the Y-axis. This 


situation is shown at the left below. 
Z Z 


x 
At the right, above, we are looking along the Y-axis toward the X-Z plane. The 
arguments of the preceding paragraphs may now be applied to the pair of forces Fip 
and Fac They are equal and opposite (the component of the field perpendicular to the 
current is just the field itself). If the loop is pivoted about the side AD the loop then 
tends to turn until it is perpendicular to the field (in this case, parallel to the X-axis). 


When the loop is perpendicular to the field the forces are as shown at the right. - 
Because the sides are all equal in length, and because the magnitude of the current is 
the same in all the sides, the forces are all 
equal in magnitude. Therefore, there is no 
net translational force on the loop. The 
forces tend to pull the loop apart, (first of S 
all they tend to deform the square into a 
circle as in Problem 14), and they tend to 
keep the loop perpendicular to the field. 


Notes on Problem 17. 


1. If the field were non-uniform the loop would still tend to rotate to a position where 
the plane of the loop would be perpendicular to the field in some average sense. (It would 
be possible to find fields which would not rotate the loop.) After this rotation there might 
be a net translational force on the loop. This unbalanced force can be resolved into two 
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components; one parallel to the plane of the loop and the other perpendicular to the plane 
of the loop. It is easy to show that both of these components are in directions Such as to 
translate the loop toward the region where the magnetic field is Strongest. 


2. If we remember that a bar magnet is equivalent to some configuration of current 
loops with planes perpendicular to the magnet, we can use the converse of this fact to 
see the solution of part (a). Replace the square current loop with a proper configuration 
of bar magnets lying along the direction N. They, we know, will tend to line up with 
the field. Thus the current loop will have its plane perpendicular to the field. Also, 
there is another position of equilibrium for the current loop. This is the inverted position, 
In that position the force on each side 1s inward instead of outward, and any small de- 
flection from the exactly perpendicular position will lead to a flipping over of the coil by 
the forces acting on it. This kind of an equilibrium is therefore called unstable equilib- 
rium. With the forces acting outward, the equilibrium is called Stable, because the 
action of the forces will restore that position if any small deflection occurs. 


PROBLEM 18 A singly charged helium ion which has been 
accelerated through an electric potential differ- 
ence of 180 volts travels in a magnetic field of 

newtons 


|-20 
2.00 x 10 (elem. ch. /secKmeter) ^^ the arc of 


a circle of radius 0.031 m. 
(a) What is its velocity? 
(b) What is its mass? 


The solution is carried out by means of the following steps: 
(1) Compute the kinetic energy 3my? a8 in Section 29-1. 
(2) Compute the momentum my = qBr as in Section 30-8 
2 
(3) v = mv /mv solves part (a). 


(4 m= =E solves part (b). 


3) From the data given the kinetic energy of the helium ion can be computed. We are 
told that it is singly charged; this means that each ion carries a single elementary charge. 
By the reasoning of Section 29-1, and because the potential difference, 180 volts, is 
twice the 90-volt potential difference used in that section, the kinetic energy of the helium 
ions is 2 X 1.44 x 10? 7 joules. 


The corresponding monientum of the 


helium ion can also be computed because we 
are given both the strength of the magne 


tic field and the radius of the circular path in 
which the ion travels. The momentum is qBr and this is (1 elem chg)(2.00 x 197 
newtons 


(elem chg/sec) (meter) ) ' 0-031 meter, or 6.2 x 10722 newton-seconds. 


Knowing the kinetic energy, jm? =2X1.44 x107 


es H joules, and the momentum, 
mv = 6.2 X10 newton-sec, we can find the velocity: 


my” 2X2X144. 
my a 


-9.3X 10* m/sec. 


b) Dividing the momentum by the speed, 


y= 108 newton-meters 


newton-seconds 


-22 
2x = 
mv _ 6.2 wy = 6.710 2T. : 
9.3 X 10 


m= 


PROBLEM 19 


a) 1 microampere = 10 
every second. One coulomb is equivalent to 6.25 X 10 


Suppose we have a beam of electrons moving ata 
velocity v = 3.00 x 105 m/sec and carrying a 
current of 1.00 microampere. 

(a) How many electrons per second pass a 
given point? 

(b) How many electrons are in 1. 00. meter of 
the beam? 

(c) What magnetic field does the beam produce 
at 1.00 m distance? 

(d) What is the total force on all of the elec- 
trons in 1.00 m of the beam if it passes through a 
field of 0.10 MOS} 
ampere-meter 

(e) What is the force on a single electron if you 
assume that each electron experiences the same 
force? 


a microampere is a microcoulomb per sec: 


1.00 microamp - 


= 6.25 X10 


sec 


12 electrons 
sec 
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= amperes. This is 10$ oe passing a given point 
? elementary charges, and since 


1.00 microcoulomb _ 1.00 x 1978 cel x 6.25 X 1028 elem chgs 


coulomb 


b) Since the speed of the electrons is 3.00 X 10 6 m/sec, 3.00 X 10° meters of beam 
will pass a given point every second. 


From (a) we know that this length of beam contains 6.25 X 10^^ electrons. If the 
electrons soy distributed ke along 3.00 X 10° m meters of beam, then there must 


be 6.25 x 10° = 2.08 x 10° electrons/meter | 


3.00 X 10 


i 


12 


c) A current, I, in a straight wire produces a magnetic field, 


at a distance d meters away from the wire. 
is simply a convenient container for charges in motion. Thus the e 


2x10 I . newtons. 


nir d ampere-meter’ 


stitutes a current and gives rise to a field: 


d) A length £ of current I, will experience 
For 1 meter of the beam in a field of 0.10 ne 


e) From (b) 1 meter of beam contains 2.08 x 109 electrons. 
for each electron, then the total force, 1.0 X 10 


electrons, 2.08 X 109 7 


F= 
2 


| 6 
ag e oot 
B=2X10 XL 


| 


Jm newtons 


= 20010)" ampere-meter’ 
a force F = BU in a field of strength B. 
wtons/ ner the total force is 


PA Pe 0.10 X 1.00 X 10” et. 00 = 1100520. 


will give the force on each electron. 


y -14 


10x10. . 8X10 ' .newtons/electron. 
08 x 10° 


paan 


It is current that produces a field; 


T newtons j 


If the force is uniform 


"ii newtons, divided by the number of 
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This result follows from the same argument used in Section 8; we could have used the 
end formula for F: 


F = qvB = ——+—+, x 3.00 x 109 0.10 = 4.8 x 10714 newtons. 
6.25 X 10 
PROBLEM 20 A beam of singly charged ions moves into a region 
of space where there is a uniform electric field 
E ="1.0 X 10’ newtons per coulomb and a uni- 
form magnetic field 
B= 20x 10-1 _newtons — 
ampere-meter 
The electric and magnetic fields are at right angles 
to each other and both are perpendicular to the 
beam so that the electric and magnetic forces on 
an ion oppose each other. What 15 the speed of 
those ions which move undeflected through these 
crossed electric and magnetic fields? 
We must find the speed at which the mag- E 
netic force is equal and opposite to the electric Fy = qE 
force. The magnetic force and electric force d 
are oppositely directed so that we may write M 
qE = qvB. Cancelling q and solving for v, 
we have F xe 
3 | newtons B B. E 
E CORO coulomb coulomb 4 
= = = x = X 
va 20x19? | Jewtens E 5.0 X 10" m/sec. 
Z Amp-meter 
PROBLEM 21 The undeflected ions of Problem 20 are passed 


through a slit and move into a region where there 


isa uniform magnetic field B = 0,99... PE Wtons 


ampere-meter 
at right angles to their motion. 1f the ions are a 
mixture of neon ions of mass 20 and 22 atomic 
mass units, how far apart will these ions land on a 
photographic plate after they have moved through 
à semicircle? 


BML 


V (In this view, direction 6f 
\ the field B, is out irom 
í the page, toward the viewer). 


The spot where the neon ions strike the plate will be a diameter away from the slit. 
We ean calculate the radius of the circular path by the method described in Section 9. 


m magnetic force qvB produces a centripetal acceleration v2/ r. Thus, by Newton's 
aw, D k 


EU 
qvB- m n 
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mv = qBr, and 


Inv 
r= qB. 
In the above expression for r: 
1 E: 
q= —— —jg coulombs - 1.6 X10 A coulombs, 
6.25 X 10 


= 5.0 X 10* m/sec (from Problem 20), 
B = 0.09 newtons/ampere-meter (given), and 


m = mass of the neon 20 or neon 22 ion. 


For ease in computation we will take the masses of neon 20 and 22 as 


mgg = 20m, = 20 X1.7% 10°?" kg, and 


20 


My, = 22m, = 22% 1.7% 1077" kg, 


2 


where a5 is the mass of the hydrogen ion (Section 29-2). 


(From Table 1, page 542, we see that the masses should be moo = EE mp and 


. 21.998 
22^ 1.008 p so the above approximation is within 1%. ) 


22x11 X107" x 5.0 X10" 
22 -19 


1.6 X10 X .09 


Thus, r = 13m. 


20x12 x10?" x 5.0 x 10* 
ros 1900 NUIT 
1.6 X10 X .09 
The diameters of the respective semicircles are then: 


= 26m. 


m. 


22 
207 .24m. 


The distance between the points where the two kinds of neon ions will land is 


d 


doo - do 9 = ,02 m. 


As noted above, the masses of the ions are known to a good 
Since all other factors in this experiment are the same for both ions, 
to better than one significant figure. 


A PROBLEM 22 An electron is accelerated from rest through a 


many significant figures. 
the result is known 


potential difference of 2,000 volts. It then enters 
a region where there is a uniform magnetic field 
at right angles to its motion. The magnetic field 
: 103 newtons — 
BS ampere-meter que 
(a) What is the period of the circular motion 
of the electron? M de: ny 
(b) What is the radius of the circle it moves in? 
(c) If the accelerating potential difference were 
8000 volts, what would the period and radius be? 
a) To find the period we need to know the speed of the electron and the circumference 
of the circle in which it travels. The speed can be found from the kinetic energy. We 
can find the kinetic energy of the electron from the given potential difference through 
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which it has been accelerated. For every 90 volts of potential difference, 
gains 1.44 X 10717 joules. Therefore the kinetic energy, 


1/2 my = 2900 — 1,44 x 19711. 3.2 x 19716 joules. 
‘| 


The electron mass is 0.911 x 10^ Dg: Therefore, the electron speed is 


2E -16 
seal a sh 2X3.2%10 y 7.03 x 1014 = 2.66 x 107 m/sec. 
ys .911 X 10 


When the electron enters the magnetic field, the magnetic force acts 
to both the field direction and the velo 


the electron 


at right angles 
city, and the electron moves in a circle of radius 


r- p at constant speed. The circumference of this circle is then 
^: . 27mv 
c= 2mr= "dB. 


. 21 X .911 x 1099 x 9.66 x 197 
y ] - - 
1.6x10 19 x 1.00 x 193 
27 X .911 X 2.66 -1 
= x 
1.6 An 


=..95 meters. 


The period of the circular motion is the time r 


equired for the electron to go around 
the circular orbit once. This time is given by the 


circumference divided by the speed. 
a ee aye -8 
"v 72.66 (10 7 3.6X10 " seconds. 


b) The radius is the circumference s253 = 03E5 meters. 


c) If we put all these separate steps togethe 


T, we can show that the period is inde- 
pendent of the energy of the electron, because 


27r 2T. mv 27m 
Sa = KX aa Lu 
T M V. .qB qB' 
The period depends only on the mass and the charge of the electron and is the same as 
calculated above. i 


The radius of'the circular motion is directly proportional to the speed, ard the speed 
is directly proportional to the square root of the kinetic energy or the potential difference 
through which the electron has been accelerated from rest. Since the voltage in part (c) 
is 4 times that of part (a), the speed is do 


ubled and the radius is twice that of part (a). 
. By direct calculation as above, | 


zm” = qv, or 
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X.911 X10. y 4 
T= Bho gM I) ^ 3.6 X10 a Seconds. 
1.6 X10 X 10 
PROBLEM 23 A beam of charged particles, accelerated from’ 


rest by a potential difference of 320 volts enters a 
uniform magnetic field of strength 6.0 x 10-* 
newtons : MALLEM AA Ls 
————— —- at right angles to its initial direction 4 
ampere-meter 
of travel. The radius of the circle in which this 
beam moves is found to be 10.0 cm. 
(a) What is the ratio of mass to charge of these 
charged particles? ; 
(b) What kind of particles do you think they 
are? i 


a) This problem is similar to Problem 22, except for different unknowns. The analysis 
is the same as for Problem 22, Beginning with 


hant 2mV 
r B qi 


we soive for the mass over the charge: 


q 2V z 
Substituting the given data: 
-4 2 
.  m.90100 xeo xaa y. BEI ame ia ke d 
q 2 X 320 6.4 coulom| 
| -30 
li Rb UR -12 
b) The corresponding ratio for electrons is PT ATEN o. 10 77. 


1.6 X 10 

For protons it is about 2000 times greater. No other particle has such a small mass 

to charge ratio, so we are quite justified in calling these particles electrons. 
* (x of 

Another way in which a student might attack this problem using the methods of the 
text might be: 

The kinetic energy is: 

2 320 


1 -17 1 
zu = g X25 x 1.44 X 10 (1) 
Ex 3 mv q X50 1.44 


where q' is the charge of these particles in elementary charges. Then from the results 
of Section 30-8, mv = qBr. Here q is in coulombs so we must write 


ed ' elem chgs. z x 6.0 X 104 X0.1. (2) 
" 18 elem chgs. 
6.25 x 10 coulomb 
Substituting (2) into (1): 
i3 2B. PA AEA Sn 
= q! X= X 1.44 X 10 or 
3m— y 36x10 X10 "7 q' X59 


m X6.25 X10 


-31 kilograms 
m . 
a RA elem chg 


D 


This is the value for an electron. 
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Chapter 31 — Electromagnetic Induction and 
Electromagnetic Waves 


The ideas of the chapter are really the culmination of classical physics where elec- 
tricity and light become one subject. .While this material is abstract and difficult, it is re- 
assuring that it may be treated profitably at all levels — in a completely qualitative way 
as a reading assignment amply fortified with classroom demonstration, or, with adequate 
time and able students, in a thoroughly quantitative manner. 


The role of classroom demonstration should be emphasized here. Many of the ideas 
in this chapter can be adequately comprehended if the students get a qualitative under- 
standing of what happens. Demonstrations can get these ideas across more effectively 
and faster than lecturing. Of course, if you have time, the quantitative aspects of this 
chapter can be handled as in previous work. There are, however, a lot of ideas presented 
in a condensed way in the text, and complete, quantitative comprehension can be expected 
only from good students and plenty of time. 


CHAPTER SUMMARY 


Sections 1 through 4. The chapter begins by considering what happens when a wire is 
moved across a magnetic field in a direction perpendicular to both the field and the wire 
itself. The free electrons in the wire are charges moving across a magnetic field; they 
therefore experience a force which tends to move them along the wire. 1f the wire is 

bent into a loop,the electrons will be forced around the loop producing a current. This 

is just what a battery would do if connected in such a loop of wire. The motion of the wire 
in a field is thus, in a sense, equivalent to an EMF. 


Sections 5 and 6. The ideas of the previous sections are extended to the case where the 
loop is stationary and the magnetic field moves, and finally to the case where both the 
magnetic field and the loop are fixed in space, but the magnetic field is changing in 
magnitude. 


Sections 7 and 8. A changing magnetic field is shown to cause an electric field in 
space. 
Section 9. These ideas are applied to explain the basic idea of an electric oscillator. 


Sections 10 through 12. Section 10 argues qualitatively that a changing electric field is 
equivalent to a current and should therefore produce a magnetic field. It is very difficult 


to demonstrate this idea because the expected magnetic fields are too small. In Section 


11 it is shown that if a changing electric field generates a magnetic field, a package of 
electric and magnetic field can move through space by itself at one particular velocity. 
These electromagnetic fields are observed to propagate through space — radio waves and 
light — and their existence lends proof to the assumptions of Section 10. Section 12 
describes various wavelengths of electromagnetic radiation in a qualitative way. 


Boxed material, page 567 - 569. 
tative. Although the material needed to make a 


Sections 10 - 12 are completely quali 5 ít 
quantitative treatment has been covered in the text, the logic is rather involved, so this 
udent it should be of interest to 


quantitative treatment has been boxed. For the average gt 
Show that such a thing can be done. The ablest students should understand it. 


SCHEDULING CHAPTER 31 


Important Note. Before starting this 
which parts of the chapter you want your students to 
you wish to treat qualitatively. 

If you are skipping the study of magnetism 48 a possible alternative suggested in the 


introduction to this volume of the Guide, you 
Sections 1-11. In this case, however, Section 12 should be assigned as a reading assign- 


am of the text. A film 
ment. This is the point at which you should reenter the main stream o: 
is being produced Pur show experimental evidence associated with that section. 


wi 


chapter it is essential that you know exactly 
understand in detail and which parts 


generator. They are Straightforward extensions of Chapter 30 and should be handled 
readily by most students. A thorough treatment can be made in one class period. 


Continuing the development of Sections 3 through 6, Section 7 deals with electric 
fields created by changing magnetic fields. Some students will find this material very 
difficult, but for a superior class, or superior students in an average class, one class 
period will suffice. Section 8 is easy, dealing only with rules for finding directions of 
induced electric fields. The simplicity of Lenz’s law will appeal to all classes, 


Section 9 treats electric oscillations. It can be skipped even if you are developing 
the chapter, but oscillators are the means by which electromagnetic waves are actually 


generated, so they are of considerable interest for the later sections, even though not 
absolutely necessary. 


not, suggestions are made in the yellow pages under Demonstrations: Induced Current 
and Voltages, and in the section by section guide which follows. 


tative aspects and probably can be understood thoroughly only by the best students. Many 
teachers will spend no class time on the quantitative aspects, leaving these for individual 


1 Class Periods 
c um ux iN ——] 


15-week schedule 9-week schedule 
for Part IV for Part IV 
Class Periods 


4 
31-2 
The first two sections form the scientific basis for understanding an electrical 
i 
7 


RELATED MATERIALS FOR CHAPTER 31 


1 
vic ory : There ‘ae n experiments recommended for this chapter, but students 4 
ve not done so sho € encouraged to sho i f 

to play with simple radio trans p ae rate Nh otis and deca | 
È 
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particularly recommended are marked with an asterisk (*). Answers to problems are 
given in the green pages. 


Films. At the time this Guide is being written, there is a PSSC film in preparation which 
will relate to Section 31-12. 


Section 1— Induced Current and Induced EMF 
Section 2 — Direction and Magnitude of the Induced EMF 


PURPOSE To show that an EMF is induced in à wire moving perpendicular to a magnetic 
field, and to calculate its magnitude. 


CONTENT a. An EMF is induced in a wire moving perpendicular to a magnetic field. 


b. The direction and magnitude of the induced EMF is what would be expected if the 
charges in a wire experienced the same magnetic forces as do free charges. EMF =vB,£. 


EMPHASIS These two sections give an excellent introduction to induced EMF provided 
Chapter 31 in detail. These sections cover a. special, under- 


your class has time to cover 
i p=? 

standable case of induced EMF which later is generalized to EMF = Ñt’ 

son B. The discussion in the text is related to a velocity 


which is perpendicular to B; in this case EMF =vBl. However, if B is not perpendicular 


rtant. Some students 
tov, EMF = vB,& onl the perpendicular component of B is impo » ; 
will realıze this by P omeaniberin that the magnetic force on a charge is F = qvB H pe 
ever, you may have to point this out to man gtudents if you want them to do Problems 


or 3. In the other problems, V and B are always perpendicular. 

ire, you might ask the class 
DEVELOPMENT As a step ahead of beginning with the moving W 
to consider positive and negative charges free to move in an otherwise evacuated tube. 


(a) If there is a magnetic field B into the 
page and if the tube moves to the left across 


the page, what forces will the charges ex- Tube with positive 
perience? Using the right-hand rule (as in and negative 
Figure 30-21), the force on à positive charge x charges inside 
would be toward the bottom of the page. (The pe a 

fingers of the outstretched right hand point 

into the page in the direction of B, the thumb Force ji 

points to the left in the direction of T, and pe 


the palm faces the bottom of the page showing 
the direction of the force.) The negative 
charges move toward the top of the page. 
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(b) Suppose some charges separate due to the magnetic force so that the tube has an 
excess of positive charge at the bottom and 


an excess of negative charge at the top. B into page 
What forces now exist on a positive charge v Tube 
at the center? In addition to the magnetic s RA 


force F etic ^ AYB, there is now an 
electric force. 


The magnetic force on the positive charge at the center is down, the electric force is 
up, i.e. it is repelled by the positive and attracted to the negative charges at the ends. 
This charge separation continues until the magnetic and electric forces cancel on each 


(c) What would happen if there were an external path (not moving through the magnetic 
field) through which the charges could 
travel? The positive and negative 


charges would circulate (forming a MID RON 
clockwise electrical current) and the ‘7 
charges would meet and neutralize l1 
each other. HM 
(d) Would there be any qualitative difference B 
if only one type of charge could move? No! i 
DEMONSTRATIONS T de 
A. General X 


It is worthwhile and easy to show qualitatively that an EMF 18 produced by a wire 
moving in a magnetic field. Of cours » & quantitative demonstration would be more im- 
pressive, but unless you have special equipment,quantitative demonstrations are difficult. 
(It is not easy to produce or measure a uniform velocity. A large uniform magnetic 
field may not be available. The appropriate meter and circuit may not be available.) 


One possible demonstration uses the coils supplied for Experiments IV-9 and IV-10. 


Suggestions are given in the yellow pages on Demonstrations under Induced Currents and 
Voltages: Relative Motion. 


A strong magnet is needed. If you do not have one, you might find strong permanent 3 
magnets at surplus stores; maximum fields of 0.1nt/. 
1000 gauss to 2000 gauss) are usually available. 


If you have a choice of microammeters, the smallest internal resistance will be most 
useful. An oscilloscope which responds to a fraction of a millivolt would be preferable. 


Procedure. Make a closed circuit cont ! 
If you use an oscilloscope, 


Suitable) in place of the meter and connect the 


Move the wire quickly through the region between the magnet pole faces. The meter 
(or oscilloscope) should respond. 


Typical Values and Possible Difficulties. Suppose your magnet has a field of 
0 


" nt/amp-m and a pole area of 10 cm (or 103 m?), The maximum flux through the 
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circuit formed by the wire would be BA = 0.2 X 103 = 2 x 10 4 nt-m/ anh = 2 X 10 ^ nt-m sec/ 


coulomb = 2 X 10:7 joule sec/coulomb = 2 X 10 * volt sec. 


If you move the wire so that this flux passes (or stops passing) through the area en- 


2X10 ‘volt sec _ 
S 0.5 sec hi 
4x10 ~ volts will be produced. If your circuit uses a resistor with an oscilloscope across 
it, this voltage will be displayed on the oscilloscope. Changing the resistance by a factor 
of 10 will not produce a significant change in the voltage across the resistor. With a 
geeistor cone M arrangement, you can Show (qualitatively) the dependence on the 
speed, v. 


If you use a microammeter, it may be much harder to show the effects of changing 
the resistance or the speed. Imagine an idealized microammeter with an internal resis- 


closed by the complete electrical circuit in, say, 0.5 seconds, an EMF = 


tance of 100 ohms. The 4X 10 * volt induced EMF would produce 


-4 -6 
== == 4X10 amps. 


An actual meter might respond quite differently from the ideal meter. For one thing, 
the meter coil may be inductive. Thus, a back EMF may be generated in the meter 
itself. (The meter coil is ina magnetic field and the meter acts like a motor; when 
electrical energy is applied, there is à mechanical motion of the pointer. ) Further- 
more, the mechanical response time of the meter may be too long, and the meter may 
not have time to respond fully to the current. (You may recall from advanced courses 


in electricity that in the limit of very slow mechanical response, the meter receives an 


impulse from the burst of current, and its deflection depends only on the total charge; in 


this case, one has a ballistic galvanometer which you may have used to measure charge 


on a capacitance. When your meter acts like a ballister galvanometer you measure the 
to do this de- 


total flux change and cannot detect the effects of changing v. If you want 
monstration, try it first.) 


It will not be wise to take the time to explain these extraneous effects to the class. 
à Before using such a femonstration in class, it will be wise to determine whether your 


microammeter responds to EMF when you change R or V. 


C. Induced EMF Using Many Turns of Wire. 


With the microammeter you have available, you may be able to get much dues ta 
sults by using a coil consisting of many turns of wire. (For example, 50 turns ot Wire 


might be wrapped around a 6-inch diameter, improvised wooden spool.) With 50 turns, 


- -2 
the EMF wili be 50 times larger or 50X4X10 4. 2x10 volts. This larger pet 
voltage makes it possible to use a relatively large resistance in series with the ammeter. 


D 500 turn 


m 
icroammeter coll 


Resistance box Permanent magnet 


(up to 1000 ohms) 
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(For example, with a 100-ohm meter, you might use 1000 ohms in Series with the 


-2 
x -6 
ammeter and still get a current of j= $2419. = 18X10 amperes. You could then show 
1.1 X10 
qualitatively that a 5000-ohm or 10,000-ohm resistor reduces the current as expected. ) 
With this larger moving coil and a large series resistor, it is less likely that the electrica] 
or mechanical properties of the meter will influence the measurement. Thus, the de- 


the current will not be constant unless you have a large region over which the magnetic 
field is constant. In many experimental arrangements, the maximum current (which is 
most easily observable) clearly increases with increasing velocity. 


The demonstrations can be extended by rotating the coil about a diameter as shown in 
the figure below. This part of the demonstration goes particularly well with Problems 1 
and 3 in HDL. If you use a resistor and oscilloscope (rather than a microammeter)the 


rotation 


output voltage of the coil can be seen to reverse sign. Even with a microammeter, the 
reversal of the EMF is visible because the needle deflection will reverse. A microammeter 


For this type of demonstration, it is necessary to stress that B] rather than B 1s the im- 
portant parameter. 


QUIZ PROBLEMS 


1) There is magnetic field of 0.2 nt/amp- 


meter into the page in the rectangular region 
where there are crosses. Elsewhere B= 0, 


(a) If the wire AD moves to the left with 
a speed of-0.4 m/sec, what is the EMF across 
R? 


(b) What would be the magnitude and 
direction of the magnetic force on 0.3 coulomb 
of charge fastened to the wire AD at its cen- 
ter? Which way does current flow in part (a)? 


(c) How much energy would be dissip- 
ated as heat as 0.3 coulomb moves from 
A to D? 


(d) What voltage battery would produce this energy? 
Answers 
(3) EMF = YB£- 0.4% 0.2x 0.1- 8x 1073 volts, 
$) F-qvB,-0.3x 0.5X0.2- 24x 107? nt down; current in (a) is clockwise. 
() Energy = F Xd= 2.410" x 0.1 = 9.41978 joules. 
© Enmy-qv-03ys24*193 y= 9x 197 


Note: Part (a) alone is a good Short quiz. Or (a and ld 
Up parts (c) and (d) when you discuss the quiz. " C ua e "2 


2 


$ joules. 


TA NS s 
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2) Use variations of part (a) in (1) above by giving the EMF and not giving (but asking 
for) v or B or £. 


Section 3 — Where does the Energy Come From? 


PURPOSE When the induced EMF is caused by motion, the energy source is the mechan- 
ical energy required to maintain the motion. 


CONTENT a. If the induced EMF in a moving wire produces a current, I, mechanical 
power must be used to maintain the velocity, v. 


b. The required mechanical force is equal to the magnetic force on the wire, F = /IB; 
the mechanical power is Fv = /IBv. 


c. The electrical power produced is I X (EMF) = I X (vBf. 


EMPHASIS This example of energy conservation is important, but students can appreciate 
it without much detailed work. Most students will remember that electrical generators 
require mechanical forces. It is not necessary to solve quantitative problems using this 
principle. 
On the other hand, if you have enough time to treat this chapter thoroughly, you can 
al to give the students worthwhile practice. Note that Problem 


use this interesting materi 4 
5 can be handled with the material of Section 30-5; also Problem 5 can easily be extended, 


along the lines of Problem 6, to cover the material in Section 3. 


COMMENT Power = Fv. It is worthwhile to take a few minutes to go over the formula 
FAd 
t 


for power, the rate of change of energy. Power = A energy AM . Therefore, Power = t ~ Fv. 


DEVELOPMENT An ounce of demonstration is worth a pound of argument! The following 
demonstrations, which use the same apparatus as that used for the preceding sections, 
with inexpensive additions, illustrate in a convincing way the two points which are made 
in the text; (1) there must be a force on the coil when it is moved in the magnetic field; 
and (2) the force depends only on the relative motion. The demonstration is so simple 
and persuasive that it should be given before a detailed discussion of the text. The text 
material can then be regarded almost as a series of generalizations of these simple 


experiments. 


It is difficult to verify the results of these two gections quantitatively. Once the 


demonstrations have established them qualitatively, the quantitative equality of mechanical 


and electrical power should be discussed in class. This quantitative discussion should 
follow the arguments in the text, and can be used to review electrical power and the mag- 


netic force on a current. 
DEMONSTRATION We wish to show that when a closed circuit is moved in a region con- 
taining a magnetic field, the induced currents give rise, in turn, to a force which retards 
the motion of the coil. Since the students will have seen already (Chapter 30) that a wire 
carrying a current does experience a force when placed in a magnetic field, this particular 
result is not completely new. It will, however, emphasize the fact that the electrical 

ust come from some source of mechanical energy. 


energy dissipated in the circuit m 

- -10 is suggested in 
(1 A demonstration using the coils for Experiments IV-9 and IV e 
the yellow pages under Demonstrations, Induced Currents and Voltages: Lenz’s Law and 


Conservation of Energy. 


(2) Loop Swinging Freely as Pendulum. 
Make a circular loop of copper tubing (about 1/4 inch is a convenient size) or of very 
thick copper wire. (If you have a multiturn coil of the proper loop area, you may use it.) 
Make a sturdy, electrically low-resistance clamp which can be used to connect the ends 
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of the tubing which forms the loop. If you cannot arrange to close and to open the electrical 
circuit (loop) easily, make two identical loops, but solder the joint of only one while leay- 
ing the other electrically disconnected. 


Suspend the loop so that it will swing freely as a pendulum and so that the area of the 
loop can swing between the magnetic poles, cutting the maximum flux. 


TG 


in the flux, Consequently no currents are induced and the oscillations become small; in 
this case, small oscillations may persist. 


(3) A Solid Metal Slab as a Circuit. 
tat Shab as a Circuit 


The loop may be replaced by a flat piece of metal without changing the basic effect. 
If this metal swings between the poles of the magnet, electrical currents (called ‘‘eddy 
currents") are set up and the forces on these currents Oppose the motion. A flat metal 
plate, provided it is thick, experiences a big retarding force if the motion is slow. Al- 


Plate for large 


metal slab cuts made in 


nag: metal to in- 
(etie J V crease resis- 
ield tance 


N 


— 


If B is into the page 
in the circled region 
current circulates 


" 
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(4) Retarding Force Opposing a Twisting Motion. 


Make a loop of wire using thick wire (large cross-sectional area) but make the area 
of the loop small enough so that is can be ro- 
tated between the jaws of the magnet. Sus- 
pend this loop on a fine string which twists 
easily. 


When the loop is not near the magnet, 
twisting the top of the string will easily ro- 
tate the suspended loop. However, when 
the loop is between the. jaws of the magnet, qn) 
the loop moves more slowly. 


Furthermore, the retarding force varies 
during the course of rotation. The maximum 
retarding force exists when the loop is mov- 
ing and the plane of the loop is along the mag- 
netic field. (This same effect comes up in Problem 1.) Students must realize the im- 
portance of B, to appreciate this. 
DEVELOPMENT Quantitative Conversion of Mecharical to Electrical Power. 


The quantitative material of this section is the basis of the electrical generator. Most 
students can follow the logic of the text from their experience with the force on a current 
(Section 30-5). But they need the type of practice given in Problems 5 and 6, if they are 
expected to be able to use these ideas solving problems. (Problems 5 and 6 depend on 
having done Problem 2. These three problems can be supplemented by Problem 7 once 
students learn that EMF = A, in Section 31-5.) 

QUIZ PROBLEM A loop of copper wire is pulled through a magnetic field at a certain 
velocity. If the strength of the field is doubled, what happens to the force required to 
maintain the original velocity? (It is four times larger. The current goes up by a factor 
of 2 because the field is doubled. The force is proportional to Iand B. Since both double, 
the force quadruples.) What happens to the power needed to maintain the motion? (Since 
the force is 4 times bigger, and v is the same, the power needed is multiplied by 4.) What 
happens to the power going into electrical form in the loop? How does it compare with the 
old value? (The induced EMF is doubled and the current is doubled. Therefore I6 is 4 
times its old value, in agreement with the four-fold power fed in.) 


Section 4 — Relative Motion 


PURPOSE To introduce an apparently different situation 1n which EMF is induced,in 
order to prepare for the general form of induced EMF. 
relative motion of the coil and the magnetic 


CONTENT The induced EMF depends on the 
field: The EMF is the same whether the coil moves or the magnetic field moves. 


EMPHASIS This idea is important, put requires little class time. In class, the content 
of this section can be added easily after the discussion or demonstration of Sections 1 


and 2. See Problem 4, for example. i 
most important for further 


COMMENT The purpose of this section is twofold. The 

development of material is the one stated above, namely to introduce the idea that an 
EMF may be produced in other ways as well a8 by a we y j yore FEN Eu 
i ion 31-5. The second is to state clear y 

ideas are to be summarized in Section Pi icc an EME. This 


i t moving the magnet 
preferably with demonstrations) tha! S IM sere ever, this is the Guar ite 


idea seems trivial; students will accept it i 
troduction to the ideas of relativity. Newtonian mechanics is indeed the same to any 
non-accelerated observer, but in the days of Maxwell it was not obvious that this was 
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true for the phenomena of electricity and magnetism. Indeed it was thought that there 
was an ether which pervaded Space, and that motion through this ether could be detected, 
Hence, it does not follow logically, but must be proved by experiment, that a moving 
magnet induces an EMF. Clearly, you need not burden your students with much of this! 


DEMONSTRATION The demonstrations of EMF induced by a moving magnetic field are 
obvious, provided only that you can move the magnet you used with a moving coil. Since 
this demonstration can be done on the same day that you demonstrate the moving coil, it 


Since moving a heavy magnet already requires a substantial force, it may not be 
easy to show that additional force is needed if current is induced in a fixed coil. An 
easy way to show that force enters the problem is to let the loop used in demonstrating 
Section 31-3 hang freely, and show that it is moved by a force when the magnet is jerked 
away. 


Section 5 — Magnetic Flux and the Induction Law 


PURPOSE To introduce a very general principle from which the induced EMF can be 
determined. 


CONTENT a. The magnetic flux, , through a circuit 1s defined as the product of the 


perpendicular component of the magnetic field, B ,, and the area, A, enclosed by the 
circuit. 


b. The induced EMF is: 
EMF = A2, 
At 

EMPHASIS This is very important material which the students should learn. This one 
section, if properly understood, is a summary of the first eight sections of this chapter. 
In particular, Sections 1, 2, 4, and 6 are simply special cases which can be discussed 
as examples of the significance of this general approach, Because there are no quanti- 
tative problems in HDL which cannot be done equally well using Section 2, some of those 
problems should be done using the principle of this section 


DEVELOPMENT Moving Wire as an Area Change. 


The simplest case to treat analytically is the moving wire. The relation between the 
velocity, v, and the change in area ig shown clearly in Figure 31-8, page 552. Go over 
this example in class and make sure all the students have seen it in detail. Except for 
the previous case of the moving straight wire the main burden of developing the material 


» Or similar ones more 


DEMONSTRATIONS EMF Induced by Other Area Changes. 


You should demonstrate the induced EMF produced by changes in area such as those 
in shrinking and twisting loops shown in Figure 31-9 (a) and (b), page 553. 1f you use a 
resistor and an oscilloscope, the students may be able to see the actual induced EMF. 
(As mentioned in the Guide on page 31-5 , a microammeter may have inductive effects 


voltage well, it will be difficult to obtain quantitative results because the voltage keeps 
changing, and because the time intervals cannot be measured accurately. 


m 


——VP— 


31-11 


1. Shrinking Loop Area 
(a) Wire on Flexible Form (a variation of Figure 31-9a). 


wire 


sponge or corrugated 
paper 


The original loop area should be a bit smaller than the area of strong magnetic field. 
Jf you pull the ends of the wire, the loop area will decrease, and the flux will decrease 
proportionately. This decrease in flux would produce a clockwise induced current if 
B is into the page. If your meter is too insensitive or your magnet not strong enough to 
show a visible deflection with a single turn, wrap several turns on a sponge and squash 
it with your hand. A sensitive oscilloscope will be better than a meter as a detector. 


Rotate the plane of the loop by 90° and show that there is no induced voltage if B is 
in the plane of the loop, i.e., B, = 0 even though B and A are large. 


(b) Simple Flexible Wire. 
Using a simple flexible wire, you can easily change the area by twisting the wire, as 
indicated in Figure 31-9(b). The main problem will be the small size of the signal you 


can get from the single turn of wire. 


EMF Induced by Changing the Direction of the Magnetic Field. 

In order to get large induced EMF’s by changing the direction of the magnetic field, 
you may want to use a multiturn loop in the geometries shown in Figure 31-9(c). Either 
move the coil or move the magnet. If your magnet is quite heavy, it may be convenient 
to suspend the magnet from a firm support using a wire or strong rope. Once the mag- 
net is suspended, it can be moved easily. 


Section 6 — Electromagnetic Induction When the Circuits Do Not Move 


PURPOSE To emphasize the generality of EMF = y and to serve as an introduction to 


Section 31-7. 


CONTENT An EMF is induced in a coil if the flux change through it is produced by a 
change in the magnitude of the magnetic field (e. g., due to a change in the excitation 
current in an electromagnet). Both the magnet and the coil can remain fixed. 
-Ab 

EMPHASIS This is an important idea. Not only does it stress EMF = ^, but it has 

4 the idea is simple, 
extremely useful practical applications in transformers. However, 
and students can Tonya it easily through a good demonstration. The absence of ee 
helps to emphasize that the rate of change of flux is the crucial factor in inducing an i 

A d 

DEMONSTRATION If the EMF depends only on ae then it should be possible to induce 


a voltage even though the coil and the source of the magnetic field gc ie S 
As described in Section 6, and illustrated in Figure 31-10, we need only E 


magnetic field, by using an electromagnet. 
of flux caused by turning on and 


e 
F induced by a chang under Demonstrations, Induced 


1. f an EM 
A demonstration of a d in the yellow pages 


off an electromagnet is describe 
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Current and Voltages: Mutual Induction. If necessary, the effect can be made larger by 
using an iron core in the coil you are energizing. 


2. Effects more like that shown in Figure 
31-10 can be demonstrated if you have an 
electromagnet. If you do not, a simple ver- 
Sion can be constructed quite easily. The 
illustration of Figure 31-20 can be duplica- 
ted effectively with a soft iron ring from 
which a piece has been cut. Lacking anything 
better, you can make a ring by bending a 
piece of conerete-reinforcing rod. With a 2 
ring of diameter 10 cm and cross-sectional area about 2em' , you can obtain a sufficiently 
large magnetic field by winding the ring closely with one layer of 18 gauge insulated copper 
wire. About 100 to 300 turns should be sufficient. Using a 6-volt car battery as a current- 
Source, connect the electromagnet as shown at the right above. 


For connections to the battery, use clip-on cables so that they may be attached and 
detached easily. With a current of 6 amperes, there whould be a field of about .03nt/amp-m 
in the gap of the iron ring. With a few hundred turns of wire the current drawn from the 
battery should be reasonable — less than 10 amperes. If your coil draws too large a 
current it can be cut down with a resistance of a few ohms. About eight 150-watt light 


bulbs (or two 500-watt heating elements) in parallel will be sufficient. Ten amperes may 
burn up #18 wire if left on continuously. 


A small coil of about ten turns of wire can now be connected to the microammeter, 
and inserted in the gap, as shown in the figure. Upon reversing the current in the electro- 
magnet, with the ten-turn coil absolutely still, a deflection will be seen on the micro- 


ammeter. There has been a change of flux through the coil because, with fixed geometry, 
the magnetic field has changed (from B to -B). 


Alter the orientation of the ten-turn coil so that its plane is along the field. Repeat 
the experiment now, and no deflection will be observed. The reason is that although B 
changes, $ does not. 


3. Transformer. 


If you have a transformer, you can show your students how it works. Use an alter- 
nating current supply and an oscilloscope (or an a.c. meter). Point out that the ratio of 


secondary to primary voltage is essentíally the same as the ratio of secondary turns to 
primary turns. 


If you have an extra transformer, unwrap it so that the students can see the windings. 
Point out the similarity to the iron ring electromagnet (the primary) and the coil hooked 
to the microammeter (the secondary). If there is room on the core, wind some turns on E 
and show the students that an EMF is induced on this third winding if either of the others 
has an energizing alternating current. 


QUIZ PROBLEM 1 


A 5-turn coil encircles a rectangular area, 2cm X 3 om, through which there is a 
uniform (perpendicular) magnetic field of 4 X 10? nt/amp-m. If the magnetic field is 


reduced to zero in 10 " seconds, what will be the EMF induced in the coil? 
Answer: 


Flux = BJA = 4 X 1072 X 2 X 1072 x 3 x 1072 
-24x19 9 nt-m 
amp 


-22.4X 109 volt sec. 


"-— m 
ZW 


31-13 


-5 

à 24X 5 

EMF in one turn = 49 = 2:4 40 - 24x 10 2 volts. 
10 


EMF in 5 turns = 1.2 X 107 volts. 
This quiz can be made easier by leading students through the steps: ask for t 
flux (b) the EMF per turn and (c) the EMF in the coil. à (he 


The quiz problem can be made more difficult by (a) stating a flux change which differs 
from simply the initial flux going to zero, or (b) having the coil area make an angle with 


the magnetic field. 


Section 7 — Electric Fields Around Changing Magnetic Flux 


PURPOSE To see that the electric field is induced by à changing magnetic flux; to set 


the stage for the mechanism of electromagnetic waves. 


A 

CONTENT The EMF induced due to Ra implies the existence of a field, E. 

plan to discuss the mechanism of electro- 
need not take much class time because the 
from the operation of a transformer. 


EMPHASIS This section is important if you 
magnetic radiation in detail. However, you 
existence of the electric field can be inferred 
COMMENT Many people find it hard to believe that a changing magnetic field produces 
an electric field at points in space where there is no magnetic field. There is no way of 
proving this except experimentally. The betatron is probably the best example, but it is 
an unfamiliar one to students. Be sure to remind your class that the operation of a trans- 
former is very much like the circular electromagnet described in the last section. The 


battery causes a current in the electromagnet which results in a magnetic field in the 
magnet. If the gap is plugged with iron as here almost no magnetic field will exist 
outside the ring. Yet a voltage is induced in 4 coil wound around the ring when the current 
is cut off. There must have been an uced even where there was no mag- 
netic field. 


DEVELOPMENT Beyond your discussion of the points made in the text, be sure to point 


out how far we have come from the original ideas of Section 1. The force on à moving 
charge led directly to the idea of an EMF wire which moves in a magnetic field. Step 


Py step, further experiments led to M rre m in un 
of any chan t the loop of wire. ally in 
4 pes kun idea of a changing magnetic field producing an electric 


and we are led to the ver 


field. 
COMMENT The last paragraph of this section contains more than may meet the eye. 
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That the changing magnetic field forms a kind of ‘‘magnetic current" 
for Section 10 where it is shown that a changing electric field is equivalent to an electric 
current and thus produces a magnetic field just like a real electric current. 


Section 8 — Direction of Induced Electric Fields 
PURPOSE To introduce a general way to find the direction of the induced EMF. 


CONTENT Lenz's Law: The induced EMF is always in the direction which would pro- 
duce a current whose flux through the loop opposes the over-all change in flux through 
the loop. 


EMPHASIS Students should realize that the induced EMF has a definite, predictable 
direction. They can learn Lenz's law rather easily, but they will need practice if you 
want them to apply it correctly. Whether or not you give them this practice should de- 
pend on how much time you have. 


COMMENT The results of this section seem almost to follow inevitably from a general 
trust in the principle of conservation of energy. It is a very useful check on all of the 
rather complicated directional manipulations involved, that we do in fact get this ob- 
viously right answer. It will be useful for later sections if the students are able to reason 
their way through these manipulations, but for those who cannot, the important idea to 
take away is that of over-all conservation of energy. 


Section 9 — Self-Induction and Electric Oscillators 


PURPOSE To mention briefly other practical applications of induced EMF, i.e. the 


electric oscillators which are actually used to produce the electromagnetic waves dis- 
cussed in the following sections. 


CONTENT A coil of wire resists current changes. This ‘‘inertial effect’’, when com- 
bined with plates which store charge, can produce electrical oscillations. 


EMPHASIS Although the following suggestions imply a rather detailed treatment of 
Section 9 it is not intended to sugg 


in all cases. Nothing which comes later depends on Section 9 except that electromagnetic 


Section 9 can be a reading assignment only. If this is " 
Should not be assigned. 


CAUTION The term “inductance” is not introduced 
deal of extra time and want to devote it to electri 
inductance, capacitance, oscillators, tuned circ 


COMMENT The previous sections of this 
magnetic flux through a loop changes 


inthe text. Unless you have a great 
cal circuits, a detailed discussion of 
uits, radio, etc. should be avoided. 


flux which is produced by a current in the loop or coil it. 
an ‘‘inductance’’, though, as mentioned above 
All circuits have some self-inductance 
purposely wound coils, 


DEVELOPMENT The Direction of the Self-Induced EMF. 


Once students have been told that an EMF can be induced i 
ced in a circuit due to its own 
current changes, they should be able to decide on the direction from what they already 


is a direct preparation 


,2n 
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know. In a sense, the following questions help them review what they already know. 


TA cae, 


a) In which direction will the current flow 
when the switch is closed? 
Answer: Clockwise. 

b) What would be the direction of the 
magnetic field within the loop due to this 
current? 

Answer: From the right-hand rule (Figure 30-17, page 530) B inside the loop would be 
into the page. 

c) As the current builds up, what is the direction of the magnetic flux change inside 
the loop? 

Answer: The flux going into the page inside the loop increases, therefore A is into 
the page. At 


d) Would an EMF be induced in the loop? 


Answer: Yes, the EMF would be AS. 


e) What direction would the induced EMF have? 


Answer: The induced EMF tends to produce a current which opposes the over-all flux 
change. Thus the induced current would produce a magnetic field which comes out of 
the page within the loop. To produce this field, the self-induced current must be counter- 
clockwise. Therefore, the self-induced EMF opposes the applied EMF (or, 
opposes the change in the applied EMF). 

It may be profitable to pursue the direc- 
tions of induced voltages a little further. Con- 
sider the figure at the right with the switchS, 


closed and S, open so that current runs around 


the loop as before in the direction shown. 
There is then a steady m. gnetic field through 
the loop pointing into the paper. 


a) If S, is closed and 8, opened will the current continue to flow? 
Answer: No, since there is no battery in the circuit. 

b) Ifthe current, then, were to drop toward zero, 
field in the loop? 
Answer: It would drop to zero. 

c) Would there be a Ag/At? In what direction? 


Answer: Yes; out of the page. Although the eld is into the page, it is decreasing, and 


the change of field is out of the page. 
d) Is there an induced EMF in the circuit? In which direction? 
Answer: Yes; so as to produce & current which would oppose the change of field, i.e. 


maintain the field as it was. 
e) Does the induced EMF produce à 


Answer: Yes; in the original direction. 
fall immediately to zero? 
t go as to keep it going for a time. 


poo 


what would happen to the magnetic 


current? In which direction? 


f) Does the original current 
Answer: No; the self-induction effects ac 


more generally, 
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g) You should notice that even after the battery has been taken out of the circuit, 
current continues to flow through the resistance. This produces heat. Energy is being 
**lost"' to heat. Where does it come from? 


Answer: It comes from energy stored in the magnetic field which is decreasing. 


DEVELOPMENT Qualitative Description of an Oscillator. 


(Note. This materialis included partly to show that the basic ideas involved in 


oscillators have been covered and partly to review these ideas. The oscillator should 
not be studied in detail.) 


Consider an oppositely-charged pair of : : I 
parallel plates connected to a coil through 
some resistance, 


8) Is the charge configuration shown stable? 
Answer: No; current will tend to flow clockwise. 
b) Is the current flow established instantaneously? 


Answer: No, it builds up gradually due to the self-inductive effects in the coil. An in- 
duced EMF in the coil Opposes changes in current. 


c) What is the condition of the circuit when the charge on the plates has been neutralized? 
Answer: A current is flowing in the coil. 
d) Does this current persist? 


Answer: Yes, due to inductive effects it continues and the plates acquire charge opposite 
to that shown in the figure. 


€) What eventually happens? 


Answer: Due to the resistance in the circuit, some ener 
energy into heat. Therefore, on Buecessive cycles 
the plates decreases. Eventually, the oscillating c 


By 18 diverted from electrical 
; the maximum charge appearing on 
harge becomes negligibly small. 


Note that if current ig flowing in a circuit, as 
in (b), the effect of induced EMF is to main- 
tain the current. However, in order to main- 


in (a), and if the Switch is opened, as 


Analogy Between Inductive Effects and Mass. 


In mechanical problems, 
electrical circuits, there is 


Figure b 
the opposition to changes in motion comes from mass. In 
Opposition to changes in charge motion (i.e., current), and 
inductive effects. As stated in the text, the analogy may ` 
there is a complete and exact parallel. A mass ona spring 
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Section 10 — Magnetic Fields Produced by Changes of Electric Flux 
PURPOSE To set the stage for the mechanism of electromagnetic waves. 
CONTENT A changing electric field produces a magnetic field. 


EMPHASIS A qualitative understanding of this material is necessary to an understanding 
of the nature of electromagnetic radiation discussed in the next section. In general, treat- 
ing this section as a reading assignment should suffice. If a deeper understanding is 
desirable, the boxed material on pages 567-569 may be assigned to excellent classes or 
selected students. 


COMMENTS Even the best students have trouble with a quantitative treatment of induced 
magnetic fields unless a sizable amount of time is allotted to these ideas. The main pur- 
pose of the quantitative material shown boxed on page 567 is to indicate to students that 
these ideas can be treated quantitatively with the material thus far covered. 


You will probably not have time to explain this quantitative material to average students. 
* * * 


It may be well to remind students that the positive and negative ions in Figure 31-20 
both give a current to the left. It is not because there are these two kinds of ions that 


there is a zero magnetic field. 
* * * 


Near the middle of the first paragraph on page 562 is a sentence which summarizes 
the entire section: ‘‘We may therefore think of the change of the electric flux as the 
continuation through the gap of the real current in the wires.’’ In other words, a chang- 
ing electric flux is equivalent to a current. It produces the same magnetic field as a 
current. It acts so as to complete the circuit. This changing electric flux is often 
called a "Maxwell displacement current”. 


Section 11 — The Mechanism of Electromagnetic Radiation 


PURPOSE To show that the principles of electricity and magnetism presented thus far 
make make possible the prediction that electric and magnetic fields can generate each 
other in such a way that they can propel themselves through space, thus giving rise to 


electromagnetic radiation. 


CONTENT A very particular combination of changing electric and magnetic fields can 
propagate each other through space as an electromagnetic wave. 


8 
The wave always moves with the ''velocity of light", c= 3X 10° m/sec. 


The electric and magnetic fields are perpendicular to each other, and both are per- 
pendicular to the direction of propagation. 
EMPHASIS The mechanism of electromagnetic waves is the climax of the sections on 
induced electric and induced magnetic fields. However, a qualitative treatment 1s sufficient. 
The text material goes as far as is necessary. Class time probably can be spent most 
profitably in going over Figures 31-23, 31-24, and 31-25. 


ges 568 and 569 should not be emphasized with the 


The jal on pai 
quantitative materia oP B go over Problem 14 or 15 in class rather than 


average class. If you have time, you can 
go over the quantitative boxed material. 
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Section 12 — Evidence for Electromagnetic Radiation; 
The Electromagnetic Spectrum 


PURPOSE To introduce the wide variety of electromagnetic waves. 


CONTENT Electromagnetic radiation ig produced by accelerating electrical charges. 
Different physical situations produce different frequencies, f (or wavelengths, \). For 


all electromagnetic waves, f\ = 3X 10° m/sec. 


EMPHASIS This is an important section and even if you have been rushed and have omitted 
considerable material on electricity and magnetism, some class time should be given 

to discussing electromagnetic waves and the electromagnetic spectrum. Above all, for 
material which follows, students should know that accelerating charges produce electro- 
magnetic waves even if they have only a vague idea of what an electromagnetic wave is. 


Furthermore, at some point, you should stress that the wave model of light discussed 
in Part II involves electromagnetic waves. The speed of light, the effects caused by light, 
and the origin of light can all be understood in terms of electromagnetic effects. 


COMMENT The Mechanism for Producing Electromagnetic Wave is Quite Simple 
(Compared with Mechanism of Propagation). 


Be sure to emphasize the simple classical criterion which indicates whether an elec- 
tromagnetic wave is propagated: whenever a charge accelerates, electromagnetic radiation 


is produced. (The rate of emission of radiant energy is proportional to the square of the 
acceleration.) 


Many students, struggling to understand the mechanism of propagation, miss this very 
simple feature of the production of electromagnetic waves. Once it is pointed out (and 
perhaps supplemented with the understandable examples given below), students will be 


able to use this production mechanism as a clue to atomic structure (and the need for 
quantum mechanics). 


DEVELOPMENT Production Mechanism for Apparently Different Electromagnetic Waves. 


To show that accelerating charges are responsible for electromagnetic radiation, it 


may be wise to discuss examples which cover a very broad wavelength (or frequency) 
interval. 


At the long-wavelength, low-frequency end of the spectrum, the frequency is low 
enough to make the mechanism apparent. In radio antennas, an alternating electric field 
accelerates charges, first in one direction, and then in the other. The emitted radio 
waves depend on this acceleration; their frequency is the same as the number of cycles 


of acceleration. This mechanism commonly gives frequencies from about 104 to 3 X 107 
per second, corresponding to wavelengths from 3 X 104 meters to 10°? meters. 


At the higher frequencies associated with infra-red, visible, and ultra-violet light, 
accelerated charges in atoms are the usual source. These electromagnetic radiations 
are also produced by high-energy electrons undergoing centripetal acceleration in a 
modern particle accelerator. The energy loss (due to radiated electromagnetic energy) 
is ^ crucial factor in designing electron accelerators with energies above about 
10. electron volts. 


Because the radiation varies with acceleration,for a given force, the radiation varies 
inversely with the mass (actually as ny and electrons radiate much more than do 
more massive charged particles, such as protons in the electric fields. 


Still higher frequencies, 
charged particles are decele 


Standard X- 


up to the highest that can be produced, are generated when 
rated. This deceleration mechanism produces not only the 


rays (with frequencies above 3 X 1916, sec) but also the highest frequency or 


EZ 


| 
| 
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highest energy gamma rays. Several accelerators now produce electrons of 10° ev and 


these, in stopping, radiate gamma rays with frequencies of about 2x 1079/ sec. Cosmic 
rays generate even higher frequency Y rays. X 


COMMENT Electromagnetic Character of Light Waves. 


Be sure to emphasize in class that light is an electromagnetic wave. Explain that if 
time were available you could return to the characteristics of light and analyze them. For 
example, electric fields cause motion of charges in metal. When a light wave hits a metal 
the charges near the surface accelerate and send back a reflected wave. When light in- 
teracts with matter, the charges within matter are basically what respond. 


Point out too that knowing the electromagnetic character of light allows us to use 
light, (and ultra-violet, and X-rays, and gamma rays) to explore the position of, and 
the forces on, charged particles in matter. In this way, electromagnetic waves become 
probes of the structure of matter. 


DEVELOPMENT Electromagnetic Spectrum. 
Students should appreciate the tremendous range of phenomena associated with 
electromagnetic Waves. 


Using the formula Fr=c=3% 10° m/ gec you can find the wavelength corresponding 
to a known frequency, OT the frequency corresponding to a known wavelength. Supplement 
these numbers with specific physical examples showing both. differences and similarities 


romagnetic waves. The similarities are clear: the speed of 3 X 10° m/ 
sec, the origin in accelerating charge, and the interaction which is always due to the motion 
of charge. The differences inelude the wavelength and frequency, the size of the system. 
emitting the radiation, and the size and characteristics of the systems which interact with 


the wave. ; 
Note that many phenomena do not vary smoothly with wavelength or frequency. For 


example, consider the penetration of electromagnetic waves through a piece of paper. At 


low frequencies, transmission is high; radio and radar waves go through paper unimpeded. 
absorption; paper will burn 


At higher frequencies, such 28 infra-red, there is a strong 
when sunlight is focused on it. At still higher frequencies, in the visible range, there is 
selective reflection and absorption depending on the exact frequency (which with visible 
light is associated with color). In the ultra-violet, absorption again takes over. At still. 
higher frequencies, the far ultra-violet and X-rays, there is some slight absorption but 


moat of the radiation is transmitted. 
and photon 

Note that at this stage of the course (i.e., before you discuss photons 
energies E = hv, ine 33, page 597), the principal clue to what a wave ign p is its 
wavelength. Problem 19 in HDL illustrates the importance of the wavelengin. n sid 
discuss different phenomena, be sure to write the relevant wavelengths on the biac oard. 

Of course, the wavelength varies smoothly from one end of the e Uer. 
The over-all pattern of electromagnetic interaction also Varies ERRA im gths, at 
are many detailed features in some parts of the spectrum. [ioo ee ss. Any 
frequencies below infra-red, electrom tions dep ffects in this range is 
metal behaves like other metals do; the key t° electromagnetic eite? 


“how free are the charges". ture of matter plays a 
ngth ler, the detailed structure 0 

co RE uiis mea s molecules easily. Visible aod ultra- 

violet radiation move charges relative to one another within an atom, Lodge fa We: 

certain natural frequencies. These wavelengths are still large comp 


between different elect 


crude picture of wavelength determining the 


3 
(by about a factor of 10? or 10 ), so that the 
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size of the object with which interaction occurs is not exact. 
orders of magnitude. But even several orders of magnitude a 


electromagnetic Spectrum.) As the wavelength becomes stil] smaller, the interaction 
is with the innermost atomic electrons (X-rays). 


c effect), 
For X-rays and 


DEVELOPMENT Antennas. These days your students see television antennas atop most 
houses and it may not be amiss to describe the action of a simple antenna. You cannot at 


this level prove anything, but the class may get a feel for some aspects of electromagnetic 
radiation. 


PRA 
x EA 
PROMO 


Source 
of 
Voltage 


(a) 


At (a) we have shown a simple, very familiar antenna which consists of two rods which 
are connected near the center to a voltage source--for the moment just a battery. The 
voltage charges the upper rod negatively, the lower one positively. An electric field 
extending through all space is set up by these charges. We have shown it only to the 
right, but of course it extends in all directions. Now let us suddenly switch the battery 


to the other polarity so that the top rod becomes positively charged and the lower one 
negatively. We then haye the situation shown at (b) 


+ P 
Voltage ° 
Reversed B. 


(b) 


There was no mistake made in the drawing. The field beyond P is shown just as it was 
before, while only the field 


beyond P haye not yet had time to **learn about” 
. Why not? When the electric field was changed in 
ated perpendicular to the paper. But if a magneti 


perpendicular magnetic field 
the last section. 


duce not only an electric field 
positive and later on the top 


It only remains,to add that the antenna itself must pro 
but also a magnetic field; for if the bottom was originally 


x 
MEME Lll SÉ SáoÓáuLec À ool 1,11... ee 
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was, positive charge must have run up the antenna or negative charge down. In either 
case a current ran up the antenna. A current going up the antenna would produce the 
necessary magnetic field. Thus we see that in every case a changing electric or a 
changing magnetic field implies the other; the two are irrevocably coupled together. 


To get back to our antenna and battery, we see that if now the battery is switched back 
and forth, changing electric and magnetic fields sweep out across space alternating in 
direction. They try, in a sense, to carry the message as rapidly as they can, i.e. with 
the speed of an electromagnetic wave, as to which way the charge is on the antenna at a 
given instant. The result is an oscillating electromagnetic wave. Notice that if the trang- 
mitting antenna is horizontal the electric field is always horizontal, and an antenna used 
to pick up the signal must also be horizontal. To receive a signal, a wire or antenna is 
placed in this field and the electrons in it are forced back and forth in the wire or antenna, 
producing a current in the receiver. If a wire is vertical in a horizontal electric field no 
electrons will flow. In this country convention is that the electric fields for TV trans- 
mission will be broadcast horizontally. Hence all TV antennas are oriented horizontally. 
This need not be so. Vertical orientation would work just as well and is indeed used in 
England. 


More About Electromagnetic Theory and Electromagnetic Radiation 
(Supplementary material on pages 567-569.) 


PURPOSE To show that a more quantitative approach to electromagnetic theory is pos- 
sible. 


EMPHASIS This is difficult material; you probably will not want to try to present it to an 
average class. Several days of class time might be needed to make this understandable to 
afew students. This quantitative approach is not needed for the rest of the course. 


COMMENT Some teachers may be aided by the discussion of these supplements in Appen- 
dix 3 at the back of this volume. 


pupa e RD Be TEE ES PDAS PONO TS CUT UMS 


31-23 
Chapter 31 — Electromagnetic Induction and Electromagnetic Waves 
For Home, Desk and Lab — Answers to Problems 


The following table classifies problems according to their estim 

i : ; : ated level of diff. 
pos er prx es cu they are intended to be used. Those which are ra ti 
guited to class discussion are indicated. Problems which i mm j 
are marked with an asterisk (*). are particularly recommendec 


SHORT ANSWERS 


1. (a) Replace battery by external circuit, and mechanically rotate coil. 
(b) The plane of the wire loop should be perpendicular to B. 


2. (a) Clockwise in both cases. 
(b) The induced currents would be the same. 
(c) Voltage is directly proportional to loop area. 
(d) Voltage = 0.72 volts. 
3. This is cosine function with a maximum value in the position shown; a qualitative 
graph is requested and there is no need to recognize that this is a cosine. 


4. The same as keeping the magnetic field fixed, and rotating the coil; rotating this 
coil was discussed in Problems 2 and 3. 


3 x 10? nt. 


(a) 8.3 m/sec. 

(b) Mechanical power input = 0.25 joules/sec = 0.25 watts. 

(c) Electrical power converted to heat = 0.25 joules/sec = 0.25 watts; this is 
exactly equal to mechanical input power. 


7. (a) 0.16 volts. 
(b) 0.16 volts; 0.08 volts. 
(c) 0.32 joules/sec or 0.32 watts. 
(d) 1.6 nt. ; 
8. (a) The-current is twice 28 
seconds. 


b) The charges are equal. 
e The pg doubles (if the time and the resistance are unchanged). 


big if the change occurs in 1 second instead of 2 


9. 9.6X 10° ev. 


10. (a) See detailed discussion. 


(b) No; the force opposing acceleration depends on IB. 
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11. (a) No induced currents for equatorial orbit; induced currents for polar orbit. 


(b) They will oppose the motion and might deflect the satellite. 


12. (a) Current tends to continue to flow in coil due to self-induction, and it must 


flow through lamp. 


(b) The rapidly decreasing current, through self-induction, builds up a large 


EMF across the switch. This large voltage causes a Bpark. 


13. Same as a long straight wire; b = 4 X 197 nt/amp-m. 
14. B is directed toward the right when E is down. 


15. (a) Slower speed implies less induction and smaller Ë. 
(b) Smaller speed and smaller Ë produces still smaller B. 
(c) No; if the speed is less, the energy would decrease. 
(d) If the classical laws we learned applied, the energy would increase. 


16. Sound does not travel through empty space; it does not go fast enough; it does not 


have electrical origin nor electrical interactions, etc. 


17. (a) Both light and radio interference are electromagnetic waves. 
(b) 1.65 x 107 seconds. 


18. (a) tio 6.7% 107! P stis. 
(b v21.5x 1017 sec. 
(c) X22 X10 9 meters. 

19. (a) 30/sec. 
(b 6x 10°/sec or 6 megacycles. 
(c) 3 X 10°/sec or 3000 megacycles. 
(à) 3 X 1018/860. | | 
(e) 3x 1072 /seb. 


20. (a) Maxima on east-west line bisecting antennas, and in north-south direction. 


Minima 60°, 120^, 240° and 300°, from north. 


(b) Minima: north, south, east, and west. Maxima 60^, 120?, 240?, and 300? 


from north. : 
COMMENTS AND SOLUTIONS 
PROBLEM 1 


Fig. 30-26 is a diagram of an electric motor. 

(a) Explain how you could use the same ar- 
rangement of magnetic field and wire loop to make 
a generator that would produce current in only 
one direction in an external circuit. 

(b) How should the wire loop be oriented in the 
magnetic field when the commutator interchanges 
the connections between the ends 9f the loop and 
the wires of the outside circuit? 
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This qualitative problem involving induced EMF and th 

e force needed t E 
generator can be answered at severallevels. A rather complete anes caine pou 
after students have completed Section 3 provided they have been told that EMF depends 
onB, when B is not itself perpendicular to v. 


a) Some students may give a short answer which is correct but wh 
i 
checked properly. There should be three steps in à complete dien VALUE 


1. Arrange to rotate the coil with an external mechanical force. (The fact that an 
external mechanical force will be needed follows from Section 3, but probably can be 
guessed before. 


2. Put the external circuit in place of the battery. 


3. Check the polarity to be sure that the " 
current goes in only one direction. This check 
essentially incorporates the angwer to part (b). 


to external circuit 
K 


A. Consider the induced EMF when the coil is oriented and moving as shown 
at the right. Consider the wire LM. It, and 
the charges in it are moving up. points to ia 
the right. The force on à positive charge can 
be found from the right-hand rule. The fin- B 
gers of the right hand point along B, the 
thumb points up in the direction of V, and o 
the palm faces into the page showing that 
positive charges are forced from L toward 


M. Similarly, the positive charge is 
forced from N to O. There is no force along MN or LO. Hence, the current in the coil 


flows from L to M to N to O. In the external circuit, the current flows from K through 


the external circuit to J. | 


This direction of the current flow will remain the same until the plane of the coil is 


perpendicular to B. : 
Note that if the mechanical rotation were reversed, the 


B. Consider the configuration shown at the right. In 
to the motion of ON (and anti-parallel to the L 
motion of LM.) The current is still in the 

same direction but it is very small because 

B, is almost zero. (The magnetic force 

on a moving charge is F = qvBy ; the EMF B 
in a moving wire is EMF = vB, £- 


L 


current would reverse. 
this case Bis almost parallel 
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C. Once the plane of the coil has passed the perpendicular to B, the induced EMF 
sends the current in the opposite direction, as 
shown at the right.- Using the right hand as L 
outlined above will show that the current now 
flows from M to L and from O to N. But the B 
commutator has now changed connections so 
that J is connected to O,and K is connected 
to L. Thus, the current flow from O to N 
to M to L enters the external circuit at K, flows through the external circuit to J, and 
returns to the coil as before. 


[0] 


b) The plane of the wire loop should be perpendicular to B when the commutator inter- 


changes connections because the induced EMF and current are then zero. See part B 
above. 


PROBLEM 2 


The rectangular wire loop shown in Fig. 31-28 is 
in a uniform magnetic field. 

(a) In what direction (clockwise or counter- 
clockwise) is the induced current when the loop 
is in the plane of the paper and BC is moving into 
the page about P, as an axis? About P;? 

(b) For a given speed of rotation, how would 
the induced currents compare when the loop is 
rotated about P, and then P,? 

(c) For a given speed of rotation, how does the 
induced voltage depend on the area of the loop? 

(d) 1f the magnetic field has a magnitude of 1.5 
newtons per ampere-meter, AB = 10cm, and 
BC = 4 cm, what is the maximum induced voltage 
when the loop is rotating about P, at 19.1 revolu- 


A 120 
tions per second c rps.)? 


This is a straightforward problem about induced EMF, but it is listed as difficult 


because it involves circular motion. It is a very good introduction to the importance of 
flux which will be treated in Section 31-5. This problem is probably better suited to 
class discussion than a home assignment. 


a) The direction of current can be found by determining the direction of the force on 
a positive charge. Use the right-hand rule. Consider the length BC, and consider the 


rotation about Pj. 


rent is clockwise in the loop 


For the rotation about Pj, the force in BC is in the same direction. There is also a 


force in AD. In this case, AD is moving out of the ; 

i page. The thumb points out of the 
page. The fingers point toward the magnetic field. The palm is up; the force on a 
positive charge goes from D to A. This contributes to the clockwise induced current. 


b) For rotation about P4; consider a period T. From page 330, v = TR Thus, v à 
_ 2a 2 
of BC is v= (AB). EMF = v8g- F (AB) (B) (Bc). 


For rotation about Py, consider the same period, T. In this case, both BC and AD 
contribute to the induced EMF. 
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But AD = BC, 
. 2m (AB) 
EMF otal T 2 
Thus, the EMF is the same for both rotations, and the currents would be the same. 
c) The EMF of part (b) can be rewritten as 


5280 = zi (AB) B (BO) 


EMF = a B (Area). 


Thus the EMF is directly proportional to the area. This would be true for any axis of 
rotation between A and B. Consider an axis, a distance x from AD. 


B 
EMF yp = 7 (9 BAD 


EMF. .- a (AB - x) B(BO) 


BC 
EMF.. = Z (AB) Ë (BO) 
total T 
-203 
EMF otal =F B (Area). 
d) B= 16 ee 
amp-meter’ 
^ AB = 10 cm = 0.1 m, 
m 
BC-40m- 0.04 m. 
zio RUM 27 . 
T= 797 "igo e 


NS EU 
EMF = 22 B Area = (120) (1-5) (107) (4 10) = 0.12 volte. 


5 xs nt-m____jowles . volts. 


Note. EX -—— 6 
e. For units, 356 X amp-meter m = gmp-sec coulomb 
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PROBLEM 3 Draw a graph of the voltage induced in the loop 
in Fig. 31-28 as a function of the angle through 
which it is rotated, assuming it rotates at constant 
speed. 


Solving this problem in induced EMF depends on the fact that Bj appears in 
EMF = vB, J. Once B, is recognized as the critical factor, it is easier to evaluate 
VB, £ than to evaluate ES - ULM Finding the component of B perpendicular to an 


area probably will give students more trouble than finding the component of B perpen- 
dicular to v. 


The induced voltage in BC is equal to vB; f, where B, is the component of B per- 
pendicular to v. As the plane of the coil rotates the direction of v will rotate, and B 5 
will vary. We can draw a sketch of the motion, and read off B, . 


We get a ''cosine curve” 
suitable change of scale (so 
duced voltage) the same c 

. The induced voltage changes sign as the loop goes through the 90° position. A de- 
vice of this kind produces an ‘‘alternating voltage". To obtain a voltage always in the 


for B, as a functionof the angle turned through, and with a 
that the maximum corresponds to v B4, the maximum in- 
urve gives the induced voltage as a function of position. 


same direction we would need a commutator which w 


ould interchange connections with 
the loop at the 90° and 270° 


positions as in Problem 1. 


— 
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PROBLEM 4 What would be the result of keeping the loop in 
PELA stationary and rotating the magnetic. 
field? 


This is a simple problem after students have read Section 4 on relative motion and 
have done Problem 2 or 3. 

As indicated in Section 4, the induced voltage depends on the relative motion of the 
wire loop and the magnetic field. Thus, if the coil is kept fixed, in Problem 2 or 3, 
and the magnetic field is rotated, the induced EMF would be the same as it was in Prob- 
lem 2 or 3. 


PROBLEM 5 In Problem 2, part (d) what maximum force must 
be applied to the edge BC of the loop to keep it 
rotating around P; so that the maximum induced 
voltage is 4 volt if the loop has a resistance of 
1 ohm? 


This problem on the force on a current in a magnetic field can be done before or after 
Section 3 is discussed. If you plan to spend class time on Section 3, this problem Should 
be assigned. / 


CAUTION Note that the induced EMF is now given a8 0.5 volts rather than the 0.72 volts 
appropriate to the conditions of Problem 2 (d). This results from changing the rofation 
frequency while leaving all other parameters fixed. 


In order to find the force, use F = MB, from Section 30-5. 
E 12vok. 
«Ec ate yrs ts 1/2 ampere 
1- BC - 4 em - 4X10 ^ meters 


2g Bb 
Biel. 


È -2 
Therefore F = (4x 10 (2) (1:5) = SLO 


Tib 
Units: (meters) (mP) zmp-m ^ ^" 


can now go back to the conditions of Problem 2 and 


For use in a class discussion you 
compute both the electric and mechanical power to illustrate the ideas of Section 3. Prob- 


lem 6, is a similar continuation which can then be assigned. 
Ask for the force needed for the conditions of Problem 2 (d), ifR = 1 ohm. In that 
case, V = 0.72 volt and I= 0.72 amp. 


-2 
v x10 OTs ea c 438305, Bt 


Then, ask for the velocity of BC. Kis: 


. 27 AB = (120 0.1) = 12 m/sec. 
YRC T AB (120) (0.1) 


What is the rate of doing mechanical 


n y - Fv. (Note that the students have no 
the watt was introduced as the unit of power in the footnote on page 416.) Numerically, 


-1nt-m or joules or watts. What electrical power 
, sec 


Fy = 4.32 x 10 2 x 12 = 5.18 X10 ec 
is expended? From Section 29-8 (page 503), 
Electrical Power = I6 = 0.72 amp 0.72 yolt 


work? The pate of doing mechanical work is 
t used the formula Power = Fv in Part III 


s = 5.18 X 1073 watts. 
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PROBLEM 6 In Problem 5: 
(a) How fast is the edge BC moved? 
(b) What power do we put in at the time the 
voltage is maximum? (Compute it from Fv.) 
(c) What power is dissipated into heat at that 
time? [Compute it from I& and compare with 
your answer to (b).] 


This is a continuation of Problem 5 which gives a numerical example of the general 
formula derived in Section 3. It can be done before or after Section 3 is discussed. 


E 
a) Since the EMF = vBf, v can be calculated; v = EME; EMF = 0.5 volts, 


BL 
nt -2 
= den ESSE = -4X 4 
B=1.5 amp-nt 1- BC-4X10 
za 0.5 volts = 50 volt-amp _ 
bre eG =3 6 nt 8:3 m/sec. 
>t 4X10 " meter 


amp-m 


Units: Volt-amp _ volt-coul = joule __nt-m |. m j 
nt nt-sec nt-sec  nt-sec sec 
b) Power- Fv. (Note: students may need help in seeing that Power = rate of doing 


work = (Energy = pe = roe = Fv.) From Problem 5, F = 3X 19? nt. 


Power = 3 x 19? nt X 8.3 m/sec = 2.5x 1074 mm or Joules, or watts. 


€) Electrical power converted into heat = I6 . 
I- 0.5 amp 
&= 0.5 volts 
Electrical Power = (0.5) (0.5) = 0.25 = 2.5 107+ watts. 
This is the same as the mechanical power of part (b). 


PROBLEM 7 


A U-shaped wire (Fig. 31-29) has a movable wire 
AB connected to it. This arrangement is in a 


uniform field perpendicular to, and into, the page. 
(a) If the magnetic field Strength is 40 newtons 15 cm 
per ampere-meter, what is the induced Voltage 
when AB is in the position shown and moving at A 


20 cm per sec? Calculate this first from the Tate 
of flux change and then from the magnetic force 
on the elementary charges in the wire. 
(b) What is the induced voltage when AB is 
5.0 cm from the left end and Moving at 20 cm per B 
Sec? At 10 cm per sec? 
(c) At what rate is energy fed into the loop 
when AB moves at 20 cm per sec and the induced 
current is 2.0 amperes? 5 
(d) If the induced current is 2.0 amperes, what 
force is needed to move AB at 20 cm per sec? 


This problem is useful for showing that the formula EMF = ae contains EMF = vBf 
as a special case. 
a) Calculating EMF from flux change gives: 


= Ad 
EMF =<. 
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- A AA 
Since $ = B, A, and since B does not change -S2 = B, A,’ The change in area is caused 


e A zi = 
by the velocity of AB, VA = 20 cm/sec = 2X10 ^ m/sec. The width of 2 em = 2X 10 2 
is constant. In At seconds, the length changes by Vip At = 0.2 At; in this time 


m 


AA -2x102x0.2 At- AX10 7 Atm” 
" 40 nt WEL 
Ag = B, AA = 
PE A (X10 Atm 
SEa A oea 
amp 


u oue  . 
- 0.16 STI = 0.16 volt sec 


EMF = AG. 0.16 volt sec = 0.16 volts. 


Note that if the numerical substitution was not made 60 early, the formula 


Ad _p, 2A = Ad _ 
At Bit Bilt B, fv 
would result. 

Calculating the EMF from the magnetic force on an elementary charge gives: 


Force on charge q= qvB. 


Work done to move q a distance fis W= FA qvBt 


EMF = Work per unit charge = wor = yB£ 


m nt he 
EMF = — x 40 x m = 0.16 volts. 
0.2 Sec amp-m mands 


Note that this repeats the material given in the text in Section 31-2. 


Note on units. In the treatment given above, a charge q was always specifically 


introduced into the formulas. This charge q could be in coulombs and then the magnetic 
field would have the units nt/ampere-meter. On the other hand q could be in elementary 
newtons as on page 541. In 


, ,newtons _ 
charges, in which case B would have the units (seme -meter 
ge 


the development in Section 31-2 of the text, q is assumed to be one elementary c barge 


and is omitted from the formula. 
pere-meter the EMF has units of 


In the formula EMF = vBé, if B is in newtons/ a 
newton-meter _ joules _ Bis inaa ohe care then the EMF is in 
ampere-sec coulomb volts. If (elem che) -meters 


sec 
unit used for EMF iu Section 29-6. Since most 


joules/elementary charge, the original g in volts we shall prefer to measure Bin 


of the problems in this chapter give EMF” 


time rate of flux change. In this example, the 
na ia are oe hme Because the rate of chang uie res hes 
(AB)v bur net on the area, the induced voltage 15 9.16 volts if Jm ieee aii 
(8), even though 15 cm has been. to 5 em and the area 18 : 
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You might ask the students what happens if the 2 cm is changed to 6 cm. They 
Should realize that the EMF would triple. 


If v decreases from 20 cm/sec to 10 cm/sec, the rate of change decreases bya 


-2 
factor of two and the induced voltage becomes 8 X 10 ~ volts. 


c) From conservation of energy, the rate at which energy is fed into the loop must be 
equal to the rate at which energy is being expended. 


When a current I flows through a circuit due to an EMF - 6, the rate of conversion 
of electrical energy to heat is I6 . 


In this case 6 — 0.16 volts from part (a) and I= 2 amperes. Thus, the rate at which 
energy is fed into the loop is 0.16 volts X 2 amp = 0.32 Tue = 0.32 watts. 
d) It is most instructive to calculate this force directly from F = MB (page 534). 
-2 nt 
= ————__—_— = 1.6 nt. 
F-2X10 “mX2 amp X 40 ER ro meter 1.6 n 
Then, as an added attraction, you can calculate the mechanical power from 


Power = A(Worb) Work ,FAd = Fv, 


At 
Power = 1.6 nt x 9.2m. = 0.32 Joule = 0.32 watts, 
sec sec 


to show energy conservation. 


However, it is easiest to find F from the known power without bothering to calculate 
the magnetic force explicitly. Since Power = Fy, 


. Power _ 0.32 watts _ oue ^^. . , joule _ 
Fry 70. m/sec 1.6 ain 1.6 7T = 1.6 nt. 


If students use this easier way, it may be instructive to take time in class to cal- 
culate F = fIB. ds 


PROBLEM 8 In the circuit of Problem 7, all the wires and the 
contacts have very little resistance except the left- 
hand wire. Therefore, as AB moves, the resist- 
ance of the circuit does not change appreciably. 

(a) What is the ratio of the induced currents 
when a total change of magnetic flux Ae is made 
in 1 second? In 2 seconds? 

(b) What is the ratio of the total numbers of 
charges moved past any point in the circuit 
in each case? 

(c) If in eny such circuit you double the total 

j flux change, what happens to the total charge 
moved past any poirt in the circuit? 


This is an almost qualitative problem, involving proportions, about induced EMF 
resulting from flux changes, 
a) Using the flux concept, we calculate as follows: the induced voltage is given by 


A 
ME A, and Aó is the same in both cases. Thus if At is twice as long, the induced 


voltage is halved. The induced current will then be halved. (V depends on the rate of 
change of flux, and the longer At is, the smaller is the rate of change.) 


b) Comparing At - 2 sec with At = 
as long. The total amount of charge 
and is the same in both cases. 


1 sec, the current is halved, but it runs for twice 
passing any point is the product, (current) X (time), 


Em | 
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c) If, with a given At, the flux change A$ is doubled, the induced voltage and there- 
fore the induced current are doubled. The total charge passing any point is therefore 


doubled. 


PROBLEM 9 In a betatron electrons are accelerated to very 
high energies by a changing magnetic flux. The 
electrons move in a circle around the inside of an 
evacuated glass doughnut and speed up when the 
flux through the hole in the doughnut increases. 
A separate magnetic field passes through the 
doughnut perpendicular to its plane to keep the 
electrons moving in a circle. 

d An electron is traveling in a circle of 50 cm 
radius at 98 per cent of the speed of light in the 
“doughnut” of a betatron. If the flux inside the 
newton-meters 


doughnut increases at a rate of 24 
ampere-sec 


for e second how much energy (in electron 


volts) will be transferred to the electron? Note: 
Assume that the speed stays constant at approxi- 
mately the speed of light. 


This problem involving induced EMF can be used to emphasize the electric field pzo- 
duced by a changing magnetic flux. It also contains some interesting facts about modern 
nuclear physics accelerators. 


The energy gained by the electron will be equal to the work done on it. This work can 
be calculated from Fd, where F is the electric force and d is the total distance traveled. 
The electric force can be calculated from the induced EMF. 


-Ad_ 24nt-m . 24 joules _ 
EMF Ato eee Sod] 24 volts. 


The electric field, E, is found from the fact that this EMF corresponds to the effect of 
an electric field E acting through the distance of 27r. (See page 555.) 


Since 27r = 2X 3.14 X 0.5 = 3.14 meters, 


The electron experiences this field for 1/240 second, during which time it travels a 
distance d = yt = 3 X 10° m/sec X 1/240 sec = 1.25 X 108 meter (almost 800 miles!). Thus, 
the equivalent voltage is ; 

volts 6 P 6 
= = —— .25X 10 meter = 9.55 X10 volts. 
Vtotal Ede 1:04 meter doce 20 á 
A A single elementary particle experiencing a voltage increase of 9. 2 X10 volts has an 
6 -19 : 
b energy increase of 9.55 X 109 electron volts (or 9.55 X 10. X1.6 X10 ` joules, as indi- 
cated on page 503). : 
In nuclear physics, one would use the abbreviation Mev for 10 electron volts; thus, 
the problem is about a 10 Mev betatron. 


Alternate Solution Although it is convenient, and instructive, it is not necessary to 


A 24nt-m 
calculate the electric field explicitly. The fact that A = amp-sec' implies that the 


electric field has the value needed to give the electron 24 ev of energy each time it goes 
around. Since it goes 1.25 X 10° meters, and each turn is only 3.14 meters, the electron 
6 


goes around 385229. =4x 10° times. (This number of revolutions could also be found i 
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from the fact that each revolution at a speed of 3 X 109 m/sec covers the distance of 
3.14 meters in 1.05 X 19? Seconds. Thus, in 1/240 sec, there are zis/ 1.05x10 $= 
4X 10? revolutions.) * j 

Since the electron gains 24ev per revolution, it gains a total of 24 X 4 X 10? = 9.6X109ev, 


Noteon Relativity. Relativity will not be discussed in any detail although it will be 
mentioned briefly (on page 599). But some of your students may wonder why the velocity 


of the electron is taken as 3 X 10? m/sec despite its increase in energy. For example, 
Some students may try to find the ‘‘actual’’ final velocity of a 10 Mev electron by using 


the formula E, = 2 mv’, If they did this they would get: 


k 2 


10" ey = 1.6 x 19 1? joules =; 9x10 7 v2, or 
2 3.210? 3. , 19 32 ,,18 
Eccc wg ry OF 
8 1995.9 9 


v 71.9 x 10? m/sec, which is more than 6 times the speed of light. 
The difficulty is that the kinetic energy is not 1/2 my? 
speed of light, c. The correct formula is 


m 2 1 
E, = me n -1|; 
1-4 W 
e 


this reduces to gmv if v is much less than c. 


when an object approaches the 


Note on Betatrons. The numbers used in this problem give the correct order of mag- 


nitude for the various betatron parameters. A 10-Mev betatron could be made with the 
given characteristics. 


The betatrons widely used in medical work follow the design of a 25-Mev betatron first 
constructed by the inventor, Professor D.W. Kerst. The orbit radius is about 0.25 meters 
(1/ 2 the value given in the problem). The acceleration time is 1/720 seconds (1/3 the value 
given in the problem). The energizing voltage is 180 cycle; this value was chosen to give 


more betatron pulses per second. (The 1/240 second quoted in the problem would corres- 
pond to a 60-cycle excitation frequency.) 


Thus, in the 25-Mev betatron, electrons take half as much time for a revolution (i.e.; 
about 5 X 107° sec) but they accelerate for 1/3 as much time. Hence, there are 2/3 X 4X 
10 or 2.7 X 10? revolutions. Thus, in the 25-Mev betatron the induced EMF is somewhat 
less than 100 volts. The average rate of flux change is about 92 SQUE IE x Using the area 


f the orb 2.T amp-sec’ 
of the orbit as mr = Te this implies an average rate of increase in the magnetic field of 
AB_Ag 1_ nt 
At. APA ameee Jace: : 


Since At = 1/720 sec, AB= 450 TALLE dolo Sa 
; 720 amp-m or about 0.62 amp-meter 


The electrons enter the machine with an energy of about 3 X 104 ev, moving at a speed 


of 0.1¢ or 3X10’ m/sec. After about 5000 1 x 308 evel 
ing with a speed of 0.85c. revolutions (25 X10 seconds) they are 


(which is about 6200 gauss). 


a E 
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PROBLEM 10 


A bar magnet is dropped through a wire loop as 
shown in Fig. 31-30, à 
(a) Describe the changes in the direction and wire loop 
magnitude of the induced current in the loop as 
the magnet falls through the loop. 
(b) Neglecting air resistance, will the accelera- 
tion of the falling magnet be constant? 


a) This problem can be answered by applying the right-hand rule or by a direct applic- 
ation of Lenz's law. 


When the magnet approaches the loop the flux through the loop increases. The induced 
current will be in the same direction as it would if the bar magnet was fixed and the loop 
was moving upward toward the bar magnet. 

Since the field spreads out across the | | | 

loop (figure at the right) there is an in- S l 

duced EMF counter clockwise around the | 
loop as seen from above (see Sections N 
31-1, 2 and 4). This result also follows zs 
from Section 31-8 where we saw that an 

increase in flux away from us gives a 

counter clockwise EMF. 


To find the magnitude of the EMF 
generated in the loop by the change of 
flux from the moving magnet we need 
to find the rate of change of flux 4¢/At. Let us therefore sketch the flux ¢ from the 
magnet through the loop as a function of the position of the magnet (figure below). The 


Flux down 
through 
loop, ó 


position of magnet 1] 


flux is zero when the magnet is far above the loop, rises to a maximum with the magnet 
in the center of the loop, and then decreases to zero again when the magnet is far beyond 
the loop. í 


If the magnet falls at more or less steady speed the rate of change of this flux then 
looks like the figure below. This is the EMF induced in the loop because of the change 


| EMF - A2 
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of flux from the magnet. Note that it is counter clockwise seen from above as the magnet 
approaches the loop. It is zero when 


the magnet is falling through the center 
of the loop because there is then no rate 
of flux change. It is clockwise as the 


magnet fails beneath the loop because the Pains 
downward fluxis then decreasing instead of A “eB 
increasing. This reversal of direction ! -i 

can also be understood by looking at the N 

figure at the right. In the frame of ref- 


erence where the magnet stands still the 
loop is rising through fields which are opposite indirection from before. 


The foregoing discussion has dealt only with the induced EMF. If the loop has a 
rather large resistance the current will follow the variation of the EMF as the current 1 


below. If, however, the wire loop is a nearly perfect conductor, instead of following 


Current 


Eu perfect conductor 


relative distance 
nep high resistance 


the EMF caused by the falling magnet, the current will riseto a maximum, and will de- 
crease to zero only when the magnet falls through. The current fails to follow the EMF 
generated by the falling magnet because the induced current itself makes a magnetic field 
through the loop and its changes tend to maintain the current in the loop. For a high- 
resistancé loop the current is small and its magnetic field can be neglected compared to 
that of the falling magnet. Therefore the total induced current follows the flux ¢ rather 
than the EMF Ad@/At from the falling magnet. This behavior is shown approximately by 
the curve h above. For an imperfect conductor the current will be intermediate between 
the two cases, as shown for Ij. 


: b) No. The induced EMF causes a current which in turn causes a magnetic field which 
in n m causes a force on the magnet. The magnet therefore falls with a non-uniform 
acceleration, : 


If the loop is highly resistive (the id case) energy is continually being turned into heat 
in the loop. This energy comes from the kinetic energy of the magnet. The force is 
always a retarding force. If the loop has no resistance, no energy can be dissipated. The 
initial force is retarding, but the loop repels the magnet after it has passed through and 
speeds it up. These stat 


i i à ements can be qualitatively verified by a direct application of the 
aws on direction of forces for the two current Situations 1, and PE 
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PROBLEM 11 (a) Will the earth's magnetic field induce currents 
in an artificial satellite with a metal surface that 
is in orbit around the equator? Around the poles? 

(b) If so, how would these currents affect the 
motion of the satellite? 


This is a qualitative problem but is difficult because it requires Students to consider 
the flux through a satellite in the magnetic field of the earth. Students find it hard to 
visualize currents in a spherical shell. 


a) An orbit around a circle of constant magnetic latitude provides a case in which the 
flux through the satellite does not change. The orbit about the equator is the only possible 
Such orbit. (The center of the earth must lie in the plane of the orbit.) Thus there will 
be no induced currents in the metal of a satellite which is orbiting around an equatorial 
circle. (Strictly these statements apply only to the magnetic equator which does not coin- 
cide with the geographical equator.) In other orbits, since B will be changing in magnitude 
and direction, the flux will be changing, and there will be induced currents. 


b) The currents produce a magnetic field, and therefore the satellite will itself act 
like a small magnet. It will experince a small magnetic interaction with the earth so 
that the force is not purely gravitational. There will therefore be deflection from the 
gravitational path the satellite would take if it moved in the gravitational field alone. 
Part of the effect of the interaction must be to cause the satellite to lose energy dis- 
sipated in heat by the induced currents.  Paradoxically, if it loses energy it will speed 
up. See Sections 25-4 and 25-5. 


It is hard to estimate the magnitude of these torces. 


PROBLEM 12 


(a) In Fig. 31-31, L is a large electromagnet. 
When the switch is closed, the lamp glows dimly. 
When the switch is suddenly opened, the lamp 15-watt 
flashes for an instant to much greater brightness. 110-volt 
How can you explain this? lamp 

(b) Explain why, when.you switch off a circuit 
with a big coil of wire in it, you may see a spark 
jump across the switch or get a shock if your hand 30 volts 
is across the switch. (This can even happen with 
a small electric bell.) 


a) The lamp glows dimly because there is only 30 volts across a 110-volt lamp. While 
the switch is closed, some current also flows through the coil, L. If the resistance in the 
coil is low, this current will be very much greater than the current through the lamp. 


When the switch is opened, the current flowing from the battery through the lamp 
Stops, and the current circulating through the coil tends to decrease. But this tendency 
is opposed by the EMF of self-induction, which opposes the change, and therefore tends 
to maintain the current. This coil current then must flow through the lamp. This cur- 
rent can be significantly larger than would be produced in the lamp by the 30-volt bat- 
tery; in fact it might be much larger than would be produced by a 110-volt battery. 
Since induced EMF will drive the large current, that EMF is far more than equal to 110 volts. 
The large current (driven by the large induced EMF) causes the lamp to flash bright and may 
even burn it out. The energy dissipated comes from the energy stored in the magnetic 
field which descreases rapidly as the current falls off. 


b) When the switch is opened in such a circuit, the current falls rapidly. The rapidly 
changing current causes a rapidly changing flux in the coil. This generates a large volt- 
age which tends to keep the current going. This voltage may easily be enough to make: a 
visible spark. Indeed some such sparking must occur since the magnetic energy must be 


dissipated in some way. 
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PROBLEM 13 We charge two circular parallel plates, 4 m in 
diameter, like those in Fig. 31-22, through long 
straight wires. When the current in the wires is 
| ampere, what is the magnetic field at a point } m 
from the center of the plates in the plane midway 
between them? 


This problem tests whether students understand the way in which a changing elec- 
tric field acts as a current. 


According to Section 31-10, the changing electric flux between the plates acts asa 
continuation of the current. Provided the point in question is beyond the edges of the 
plates, so that it is outside the entire electric flux, the magnetic field is the same as 
would result from a long straight wire carrying one ampere. 


Using the formula on page 535, 


I 
TIVNE 
B -2X10 
St wire amp d 
ug 107” S 2 i Ee TOA 107” am; ac 
amp 5 meter —— — —2mp-meter 
PROBLEM 14 A package of electromagnetic radiation is travel- 


ing straight toward you. At the moment there is 
no electric field where you are, but a short time 
later there will be an E-field pointing vertically 
down, later still an E-field pointing vertically up, 
and finally no field. When the E-field pointing 
vertically down has reached you, what direction 
will the B-field have at your position? 


This problem tests whether the students understand the mechanism of electromagnetic 


radiation well enough to figure out the relative direction of É, B, and the motion of an 
electromagnetic wave. 


There is a trivial way to do this problem, but there is no point to the problem if this 
mode of solution is used. One can look at Figure 31-23 on page 563. There B is to the 


left when E is up. Then, when E is down, B is to the right. 


Much preferable is any reasoning which uses the laws of induction, and a right-hand 
rule. 


For example, the vertically downward E is induced by a magnetic field which is 
moving toward us. Consider a wire loop per- 


~pendicular to the page. Let us look at a side : —— —» moving wave 
view. Inthis view B has just arrived at the 
loop and is sweeping to the right. To find 
the responsible B, apply Lenz's law. If there 
were a closed loop, current would flow down E I 
in the direction of E. From Figure 30-17, 
this current would produce a Subsidiary mag- 
netic field coming out of the page within the ; i 
loop. But, this magnetic field, by Lenz'e ais cee 
law, is opposing the flux change produced by M eM 


the traveling B. Hence the traveling B, which has just entered the loop must be directed 
into the page, or toward your right as you face the oncoming wave. 
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PROBLEM 15 (a) Suppose a slab of magnetic field is moving 
with only the electric field it generates by induc- 
tion. If it were moving at half thé speed of light, 
would it generate more electric field or less than it 
does when moving with the speed of light? 

(b) Would this moving electric field regenerate 
more or less than the original magnetic field? 

(c) 1f the energy in the electric and magnetic 
fields must be conserved, can the electromagnetic 
package move at any speed other than that of 
light? 

(d) What would happen to the energy in the 
electromagnetic package if the package moved 
faster than light? 


This is an interesting qualitative problem which conveys the idea that there is a 
unique speed of propagation of electromagnetic waves. 


a) Since the induced EMF or electric field depends on the rate of the change of flux, 
a more slowly moving B field will induce less E field. [Compare with Problem 8(a).] 


b) The induced magnetic field is proportional to the rate of change of electric flux. 
Thus, a more slowly moving electric field generates less than the original magnetic field. 
Furthermore, as indicated in part (a), this electric field is too small even if it moved 
with the speed of light. 


c) Although the exact dependence of the energy on the magnitude of the field is not 
discussed in the text, it is clear that the energy increases when the size of the field 
increases. (Actually, the energy is proportional to the square of the field.) 


Thus, since the fields decrease for speeds less than that of light, energy would 
decrease. Since the energy depends on the magnitude of the field, and since this mag- 
nitude changes with velocity, only electromagnetic waves moving with the velocity of 
light could maintain a constant energy. 

d) If the package moved faster than light, and if the laws we have learned continued 
to apply at these higher speeds, the energy in the electromagnetic package would increase 
a8 the package moved. 

Note. This entire problem emphasizes the uniqueness of the velocity of light. But 
no mention has been made of the reference frame for this velocity. In fact, no special 


frame is known, and electromagnetic waves travel with a velocity, c, relative to any 
observer independent of his velocity. This is a fundamental part of Einstein's theory. 


Of course, you cannot go into relativity with your class. But you may have to be 
on guard because some student, impressed with the uniqueness of the velocity of light 
may wonder what happens if an observer moves and thereby changes this velocity. All 
you can do tc answer this is to assert that electromagnetic waves are extra-special and 


move with a speed of 3 X 108 m/sec toward any observer. (Do not go into the implications 
of this on the other quantities that might be measured by two different observers. Time 
measurement, distance measurement, and many other physical phenomena are affected 


by relativity. ) 


PROBLEM 16 What evidence is there that sound is not electro- 
magnetic radiation? 


i tic waves. 
This easy problem can be used to review the properties of electromagne 
A iseia a all the reasons for believing that sound is not electromagnetic radiation 


could go on interminably. A few are listed below: 
1) Sound does not travel through empty space. 
2) Sound does not travel with the speed of electromagnetic radiation. 
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3) Sound is not produced by accelerating charges. It can be produced 
by means which are clearly non-electric. 


4) Electromagnetic radiation of the same wavelengths as sound is well 
identified (ham band to radar wavelengths) and is different from sound. 


5) Sound is often primarily a longitudinal wave which cannot be polarized - 
(while polarization is not discussed in the text, it will still have meaning 
to most students.) 


PROBLEM 17 As you no doubt have observed, crashes of static 
are heard on a radio when a lightning flash 
occurs — even if the lightning occurs far away. 

(a) Why does this happen? 
(b) If thunder is heard 15 seconds after a static 


crash is heard, how long did it take the light from 
the flash to reach you? 


Note: The speed of sound is about 330 m/sec. 


3) A lightning flash involves tremendous electrical fields and currents which oscillate 
between the earth and clouds, or between two groups of clouds. In this electrical activity, 
many charges oscillate and produce a wide variety of electromagnetic waves. The light 
we see is emitted by atoms during this intense activity. Those electromagnetic waves 
which have radio frequencies interfere with radio waves. They arrive at the same time 
as does the light because both the light and the radio waves travel with the same speed, 


c= 3 x 10° m/sec. i 
b) The thunder, the static, and the light all originated from the same disturbance at 


the same time. The thunder took a very small bit more than 15 seconds to make the 
trip, since a very small time was required for the light to make the trip. 


Alternatively, the ratio of the speed of light to the speed of sound is 


3x 10° m/sec 1 10° 


3.3 X ES T 


The ratio of the time required for light to travel a given distance to the time required for 


sound to travel the same distance is 1.1 X 19 $. Time for light to arrive = 15 sec X 
11x10 9- 1.65 x 10? sec. 


PROBLEM 18 When electrons moving at 3 x 10’ m/sec hit the 
target in an X-ray tube, they are brought to rest 
in about an atomic diameter — in about 10-” m, 

(a) What is the stopping time? 

(b) If we use one divided by this time to esti- 
mate the frequencies we might expect to see in 
the electromagnetic radiation arising from this 
deceleration, what frequency do you get? 

(c) What wave length does this frequency give? 


This problem emphasizes the relation betw2en acceleration and electromagnetic 
radiation. It also gives typical values of À and v for low-energy X-rays. 


8) To estimate the time, assume a constant deceleration. First, find v 


; : average' 
v + 7 
= initial e 3 X10 m/sec 7 
Vaverage 3 =, z =1.5X10 m/sec. 
-10 
d 10 t 
‘stop v. ^ 7 = 8.7 X 10 1? sec. 
av 1.5X10' m/sec 
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1 
t is: 
stop 
17 
Sea ean 1.5 xX 101! sec. 
6.7 X10 


c) This frequency corresponds to a wavelength: 


b) An estimate of the frequency, v, as 


y 


8 
v 3X10 m/ bs 
pa v= SME my see = 2X10 D meters. 


1.5 X 10 4 sec 


Note. In the calculation above, the frequency that we estimate depends upon 
1/time of stopping. Other effects may enter and determine the highest frequency 
seen, as we shall find out in Chapter 33. The highest frequency depends, according 
to quantum theory, on the energy of individval electrons. If that energy is low, no 
light of high frequency will be seen even if the stopping time is very short. 


ans 1 Howe — 


PROBLEM 19 What would be the order of magnitude of the 
minimum frequency of electromagnetic waves 
that could be used to detect the presence of: 

(a) the planet Venus? 

(b) an airplane 50 meters long? 

(c) a bird 10 cm long? 

(d) atoms of a noble gas? 

(e) an atomic nucleus? 
From what sources of electromagnetic radiation 
would you be able to generate radiation of these 
wave lengths? 


The idea behind the solution to this problem is that in order to use a wave phenom- 

enon to detect the presence of some object, the wavelength used must be comparable 
to or smaller than the dimensions of the object to be detected. Students should recall. 
the scattering of water waves around small obstacles in the ripple tank: (Figure 33-15 
can be used to remind them). With light, itis possible to see particles smaller than 
the wavelength of light. No detail may be seen, but such a particle may scatter light, 
and it may be seen as a scintillation. Therefore the solution of this problem must be 
considered only as the minimum frequency which would begin to show some detail of the 
object in question. 1 

3) Venus is roughly the size of the earth or 10° meters in diameter. Electromag- 
netic waves of this wavelength or smaller would have a minimum frequency of 


8 
3x50 = 30 cycles/sec. Thus a very low audio-frequency ‘‘radio’”’ wave would suffice. 


10 
Such a wave is emitted by our A. C. power lines which operate at 60 cycles. 
There is trouble here: D It would Ws almost impossible to get much power into such 
a low-frequency wave; 2) Such a wave would be absorbed completely in our Coad at- 
mosphere; 3) Unless our sending antenna were several wavelengths in size, i.e. 
bigger than the earth, its beam would be so broad that, even if we could send such a 
radio wave to Venus and receive art echo, we could not pinpoint the direction of Venus 
(the antenna could be rotated through a number of degrees and we would still get an 
echo). : 
b) Detecting an airplane 50 meters long would require a 50-meter or shorter wave- 
lend ora E of 6 me cles. This is a frequency higher ges rome AN: 
broadcasting stations and less o most amateur radios. Primitive ra oper Miis 
at frequencies only about 20 times this. At such frequencies detection becomes poss 


and quite practical. 
no greater than 10 cm or 3,000 mega- 
Uus s ls kde ae fráguency: Indeed, radars occasionally 


cycles. This is very close to a popular radar 
etect birds. 
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d) Atoms of a noble gas are about 10710 meters in size. Frequencies at this wave- 


length are about 3 X Rp or X-ray frequencies. it is no accident that the structure 
of crystals and the atoms themselves were first really investigated with X-rays. 


e) ‘An atomic nucleus is about io meters indiameter. Such a wavelength has a 


frequency of 3 X 1077 cycles. Nuclear Y -rays have frequencies approaching this. Also 
it is possible to produce X-rays of this frequency in betatrons and synchrotrons. These 
machines have been used extensively to investigate nuclear structure. 


PROBLEM 20 Radio transmitting stations often use more than 

= one antenna in order to put more signal in par- 
ticular directions and less where they have no 
audience, 

Two vertical radio transmitting antennas have 
alternating currents flowing in them at a frequency 
of 10° cycles per second. The antennas are 300 
meters apart along a north-south line. 

In what horizontal directions will the radiation 
intensity be (1) a maximum and (2) a minimum 
when 

(a) the currents in the two antennas are in 
phase —run up together and down together? 

(b) they differ in phase by 4 period — when one 
current is up the other is down? 


This problem on interference between two radio signals serves as a reminder that 


the characteristics of water waves and light waves discussed in Part II are applicable 
to electromagnetic waves. 


The first task is to determine the wavelength: 


= € = = 
Az f 6 300 meters. 


a) If the currents in the antennas are in phase, the waves will add constructively 


at points where they have traveled 1, 2, or 3 etc. whole wavelengths farther than the 
other. 


L one has gone one 


mz wavelength farther 


equal paths | 


equal paths 


| one has gone one 
s! wavelength farther 


At all points on an east-west line which bisects the line between the antennas the 


signals have gone the same distance. Hence strong signals will be received along this 
line. . 


The antennas are just one wavelength apart. Therefore on the north-south line 
through the antennas (but not in the region between the antennas) the signal from one 
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will have gone just one wavelength farther than the si 
gtructive interference occurs and a strong signal ases Pad Again con- 


| At some angle 9 from the east-west line (and at lar, 

4 the wave from one antenna will have gone ; mek PEOR. the Sorel 
M2 = 150 meters farther than from the other 

: antenna. At this angle the two waves will 

f interfere destructively and a weak signal (or 

no signal) will be heard. The angle is 30° as 

is worked out on the diagram. Such radiation 
minima occur, by symmetry, at three other 


angles. Hence there will be no signal at 60°, a 
5 120°, 240°, 300°, from north. 4m s ES 
z RUE 300 sin 9 = 229, o = 30° 


b) When there 1s an initial phase difference of 1/2 period, waves which go an equal 
distance will interfere destructively. Hence north, south, east, and west will be minima 
and 60°, 120°, 240°, and 300° from north will show maxima in the radiation pattern. 


Dept. of Extensio 


SERVICE. 
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32-1 
Chapter 32 — Exploring the Atom 


Starting with the classical laws of physics (Newton's law and Coulomb's law) 
Rutherford attempted to explore the structure of individual atoms. The attempt was 
both a success and a failure. Rutherford’s experiments led to a ‘planetary model'' of 
the atom, in which a massive positive nucleus is encircled by one or more electrons 
which are held to the nucleus by the Coulomb force, much as planets are held by the 
gravitational attraction of the sun. This model gave an understanding not only of the 
results of the Rutherford scattering experiments, but also, at least qualitatively, of 
some of the other properties of atoms. The attempt was a ‘‘failure’’ only in that it led 
to a model which demonstrated rather conclusively the inability of classical physics to 
account for phenomena on the atomic scale; according to classical physics such an atom 
as Rutherford visualized would be unstable and should collapse in an extremely short 
time by emission of electromagnetic radiation. 


CHAPTER SUMMARY 


Introduction The introduction briefly reveiws what students should already know about 
the constituents of atoms. Then, as background for understanding the general design of 
the Rutherford experiment, the introduction discusses a simple, analogous procedure: 
probing a bale of hay with rifle bullets, determining the location and shape of ‘‘hidden’’ 
objects from a study of the entering and leaving paths of the bullets. 


Section 1 If alpha particles are shot into a thin gold foil about 400 atoms thick, most 
of them pass through without being deflected. This indicates that most of an atom is 
empty space (or filled with a tenuous material which does not impede the alpha particles). 
Occasionally an alpha particle is deflected through a very large angle indicating that 
there is some concentration of mass in the atom which can deflect the alpha particle. 
This evidence led Rutherford to devise a planetary model of the atom. 


Sections 2, 3, and 4 Rutherford’s planetary model not only predicted qualitatively 
the results of the alpha particle scattering experiments, but predicted exactly the 
trajectory to be followed by a particular alpha particle which would miss the heavy 
core or nucleus by a distance, b. Averaging over all possible b’s, since atoms are too 
small to be aimed at, gives the expected scattering of the alpha particles. Experiment 
and theory agree and, in fact, give us both the number of charges on each kind of 
atom and our first ideas of the size of the atomic nucleus. 


Section 5 The Rutherford model raised more questions than it answered. Most of 
these questions centered on the fact that according to classical electromagnetic theory, 
an atom should radiate away its energy as light and quickly collapse. Atoms do not 
collapse. The light radiated does not have the expected frequencies. At this point, 
classical theory is powerless. Enter the quantum theory in Chapters 33 and 34. 


DEVELOPMENT Most of the material in this chapter can be understood in a quali- 
tative way by any interested person, with very little previous knowledge of physics. 
It is important that the obvious qualitative features not be obscured by an excessively 
detailed treatment. On the other hand many students will want to try very hard to 
apply all that they have learned about mechanics and electricity. For each class a 
balance must be found between the extreme of a purely qualitative treatment and the 
other extreme of getting lost in quantitative detail. How you handle this problem de- 
pends on the ability of your class and tbe time you have to spend on this chapter. 


SCHEDULING CHAPTER 32 


The following table suggests possible schedules for this 
Schedules outlined in the volume summary section. There 
fically designed to go with this chapter, but Experiment IV- 
desired. 

Sod pee NN 

*Most teachers who use Experiment IV-12, Simulat 
it later in the course. It can be done at this point. 
equipment and could be assigned as an evening's homework. 


chapter consistent with the 
are no experiments speci- 
12* may be done here if 


ed Nuclear Collisions, will schedule 
The experiment requires no elaborate 
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15-week schedule 9-week schedule 
for Part IV for Part IV 
Subject Class Lab Exp’t Class Lab 
Period Period Period Period 
bene Re ee ee 
Sec.1 


Secs.3, 4 


Sec.5 


* Most teachers who use Experiment IV-12, Simulated Nuclear Collisions, will schedule 


it later in the course. It can be done at this point. The experiment requires no elaborate 
equipment and could be assigned as an evening’s homework. 
RELATED MATERIALS FOR CHAPTER 32 

Laboratory See yellow pages on Experiment IV-12 if you choose to do that experiment 


with this chapter. 

Home, Desk and Lab The problems for this chapter are summarized in the table below. 
A selection of particularly instructive problems can be drawn from those marked with an 
asterisk (*). Those that are intended for class discussion are indicated. Answers to 


problems are given in the green pages. 

Ae... aa 
TE 9; 

ee 9/8, 104 19 | ae 12* 15* 7, 18, 14 


T 
Problem statement contains misprint. Distanceof closest approach should be taken a8 


1.66 X 1071 meters. 


Films A PSSC film on the Rutherford scattering experiment has been made, and is 
becoming available as this guide goes to press (March, 1961). It is mentioned here, 
since this film could well bear the major burden of developing this chapter, where the 
principal pedagogical problem is sure to be getting students to visualize and correctly 
understand an unfamiliar experimental procedure. 
DEMONSTRATIONS — CAUTION With radioactive alpha sources now readily available 
from several places, it may be tempting to think of demonstrating alpha-particle scattering. 
Do not try it unless you are highly expert and are very well equipped. Any source strong 
enough to do this experiment would be extremely dangerous. Alpha sources are dangerous 
because the alpha particles cannot penetrate the wall of a Geiger-counter and are there- 
fore not readily detected if spilled. Often these sources ‘‘creep” and get spread around 
their containers — at least if packaged by an amateur. Confine yourself to observing the 
scintillations from very weak sources: the PSSC spinthariscope or radioactive watch dials. 


Introduction to the Chapter 
The introduction to this chapter contains more than the ordinary amount of material. 
It should be discussed in class. 
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DEVELOPMENT 

Before starting these last three chapters you may wish to have the class discuss what 
they already have learned (from this course) about the structure of matter. If you have 
had time to emphasize the atomic nature of electricity they should already know quite a bit: 


From Parts I and III 
a) All matter is composed of a relatively few elements. 7-8. 


b) Light emitted by each element has a characteristic spectrum. 7-9. 

c) Matter is composed of atoms. 7-10. 

d) We know the approximate size of atoms. 7-11, 12; Exp't. I-8. 

e) We know the number of atoms in a mole and hence the mass of an atom. 8-3, 6. 


f) We can guess at the structure of crystals. 8-14. 
g We have a pretty good model of a gas. Chapters 9 and 26. 


From Part IV 
3) Matter contains positive and negative electric charge. 27-2. 


b) The negative and positive charges can be separated, e.g. 27-9. 
c) Electric charge comes in multiples of a natural unit. 28-5. 


d) Electrons, found in all materials (27-12), have one negative elementary 
charge. 28-9. 


e) We know the mass of individual electrons and protons. 29-2. 


f) Newtonian mechanics applies to some motions of atomic particles. 29-2. 
(In Chapters 33 and 34 we shall discuss some of the limitations.) 


g) Accelerated charges emit electromagnetic radiation and so do atoms - of 
about the “right” frequencies. 31-12. 


Although ‘‘lists’’ are often to be discouraged, such a list as described above might be a 
good preliminary assignment as a base for a class discussion which is introductory to this 


and the final two chapters. 
x * * 


The analogy between the search for contraband in bales of hay and the study of the 
Structure of atoms is simple and should require little discussion. You may want to con- 
Sider the suggestion above. You may want to ask your class to read the introductory section 
and to do Problems 1 and 2 before you take up the chapter in class. Problem 1 illustrates 
two important points. We can get quantitative information about the structure of the atom 
from Scattering experiments. They may not, by themselves, lead to a unique conclusion 
about the structure, but can certainly be used to test the validity of an assumed model. 


In a very real sense a scattering experiment is just a modified version of what we do 
when we look at an ordinary object in ordinary light. When we look at an object, we see 
it and thereby learn its size and shape by observing, with our eye, the light which the 
object reflects, scatters or intercepts. In very much the same way, we ‘look’? at atoms 
by observing their effect on a beam of alpha particles, electrons, protons, neutrons, or 
of electromagnetic radiation of suitable frequencies. 


Section 1 — The Deflection of Alpha Particles and 
the Rutherfore Model of Atoms 


CONTENT “In 1911 Rutherford proposed an atomic model. According to this model an 
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atom is made up of a small, positively-charged nucleus, containing almost all of the 
mass of the atom, and of a number of electrons circling about the nucleus similar to 

the planets circling the sun. Rutherford saw that the validity of his ideas could be tested 
by observing the deflections of fast-moving charged particles as they traversed thin 
foils of various substances. 


EMPHASIS This section needs thorough discussion because it presents in a qualitative 
manner most of the content of the chapter. 


DEVELOPMENT The planetary model proposed by Rutherford should not be discussed in 
detail at this point. We shall come back to it in Chapter 34. For the present we need 
only the qualitative picture of a massive, positively-charged nucleus surrounded by light, 
negatively-charged, electrons. This is sufficient to discuss the scattering experiments. 
Be sure students realize that in Rutherford’s time it was already known (as they know) 
that the negative particles of atoms were all of the same kind and were the light particles 
in atoms — that the positive parts were heavy. 


You should also be sure they understand that a collision of an alpha particle with an 
electron cannot deflect the alpha particle appreciably since the mass of an alpha particle 
is about 7400 times greater than the mass of anelectron. This is something like a 
cannon ball hitting a ball bearing. To be deflected appreciably the alpha particle must 
collide with something having at least a comparable mass. 


Students may wonder what happens if an alpha particle passes outside a neutral atom. 
Unless the alpha particle passes inside the electron orbits, no appreciable deflection is 
expected. Since the atom as a whole is neutral, there is no field outside. It is only 
when the alpha particle gets inside the electron orbits that it is acted on by an electric 
force. 


In trying to learn about the structure of atoms it is useful to study the dynamics of 
a collision between an alpha particle and a single atom. It would be difficult to draw 
simple conclusions if the observed deflections were due to the cumulative effect of many 
collisions. For this reason very thin foils are used in scattering experiments. Whether 
the foils are thin enough to make multiple scattering unimportant can be checked by ob- 
serving how the fraction of alpha particles scattered through a given angle depends on 
the foil thickness. It will increase in direct proportion to the thickness only if the 
deflections are due to collisions with single atoms. 


The fact that the majority of alpha particles can traverse a foil many atoms thick 
without deflection disposes of the idea that atoms are solid chunks of matter, but does 
not, by itself, tell us that an atom is mostly empty space. The mass of the atom could 
be distributed uniformly over its entire volume like a thin jelly. However, with sucha 
model we could not explain the observation that in a few cases, very large deflections 
occur. It is only from a thorough study of the angular distribution of deflected alpha 
particles, as discussed in the following sections, that we can draw sound conclusions 
about the structure of the atoms. 


A careful analysis of the collision in Figure 32-3 can lead to an excellent review of 
mechanics. Such an analysis could accompany the performance of Experiment IV-12 so 
as to make the experiment seem more like the “‘real thing", or the analysis can serve 
to remind students that the mechanics they have studied is still applicable in the fields 
of atomic and nuclear physics. 


How can we tell that the event shown is, in fact, an elastic collision between an alpha 
particle and a nitrogen atom? Presumably we know the identity of the incident alpha 
particle but wish to identify the particle that was struck. We can do this by making use 
of the conservation laws as follows: If we measure the angles between the three tracks* 
we can apply conservation of momentum to calculate the final velocities of the alpha 
particle and of the unknown particle in terms of the initial alpha particle velocity. We 


* This would really require a steroscopic picture, i.e. two views from different points, 
but we can assume that the collision is in the plane of the photograph. It nearly is. 
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can then write down the equation which expressed the conservation of energy and solve 
it for the unknown mass. 


In the figure below we have drawn the triangle representing the configuration of the 
three tracks of the photograph. The lengths 
of the three sides of the triangle must be 
proportional to the magnitudes of the cor- 
responding momenta. We know the original 
direction of the momenta of the alpha par- 


ticle (m_V,) by its incoming track. We 14° 


draw such an arbitrary vector as shown. 
All other momenta and velocities will be 
obtained in terms of this arbitrary one. 
We know the final direction of the alpha 
particle so we lay off a line AB at 142° to 
the original momertum; we do not yet know 
the length. We lay off the final momentum 
of the unknown particle along a 14° line CD 
as shown. AB and CD intersect at E and 
the momentum triangle is now defined since 
the initial momentum must equal the sum 

of the final two. Measuring the scale draw- 


Initial momentum of 
@ particle = m va 


Final momentum of 
unknown particle 
- mv 


ing we find 
m v Final momentum of 
E -0.60; v, = 0.60 v, a particle = m v, 
m v 
“Y= 1.51; v=1.51 a E 
nol m 
By the law of conservation of energy, we know: 
1 2-3. 2 4T 2 
=- - V > 
oO) TTE 
or, substituting the expressions just obtained for the velocities, 
m Z v. > 
1 2 1 2 X2 SL 25: Dt 
A => = Isobe 
2 mv. 2 ng (.60 Yi ) +3 m a 


Cancelling 5 m vj. we have, 


ES 278 my -58 56m. 
1-.36*2.28—-; m7 "Fa 56 m, 


Since the mass of the alpha particle is 4 atomic mass ms, m - 14.2, i.e. nearly 14. 
The unknown atom is nitrogen. 


Since the measurement of angles is difficult, no great accuracy should be expected 


from the students — 12-16 is fine. 


Section 2 — The Trajectories of Alpha Particles in the Electric Field of a Nucleus 


PURPOSE To discuss the orbits of alpha particles scattered by the nucleus according to 
the Rutherford atomic model. _ 
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CONTENT From Newton's law of motion and Coulomb's law, it is possible to calculate 


the possible paths of a charged particle in the electric field of another charged particle. 
The deflection angle, 0, depends on the ‘‘aiming error’’, b. 


DEVELOPMENT This section is qualitative and easy to grasp, but quite important. It 
Should be clear to your class that if one knows the force law, the orbits can be calculated 
by a straightforward application of Newton's laws of motion. It turns out that if the force 
is given by Coulomb's law one can calculate the orbits, but the mathematics that is re- 
quired is somewhat more advanced than the usual secondary schoollevel. It should be 
clear, however, that in principle one could always calculate the orbits by applying 
Newton’s law repeatedly, on successive small portions of the orbit, using the correct 
force in each interval to calculate the change in velocity produced by the force. It may 
be helpful and interesting, if you have the time, to go through an approximate calculation 


of the small deflections which go with large aiming errors. Such a calculation is given 
in Appendix 4 at the back of this volume of the Guide. 


Before you introduce the potential energy arguments given in the text it might be 
helpful to question the class about the nature of the path of an alpha particle past a heavy 
nucleus. Start with a head-on case. Students should see that the alphà particle will sim- 
Ply slow up, stop, and retrace its path. Next take a path with such a large aiming error 
that the force is always negligible. Such a path will be a straight line. Now take an 
intermediate case. The direction of the force alone will show the students that the par- 


ticle is deflected to the side. In connection with the head-on collision you might wish to 
assign Problem 9. 


Students may wonder why the atomic nucleus does not move when struck. It does, of 
course. In fact its change in momentum, mAV, is as great as for the alpha particle. How- 
ever, since the gold nucleus has a mass much greater than that of an alpha particle, its 
change in velocity is correspondingly less. We may usually neglect its motion. How- 
ever, if the struck nucleus is light, we must consider its recoil. See Figure 32-3. 


The mechanical model shown in Figures 32-6 and 32-7 should be very helpful in 
providing an understanding of the dependence of the Scattering angle 0 on the “aiming 
error” b. To avoid possible disappointments, however, it must be pointed out that it 


| is a difficult task to build such a model with sufficiently high precision and with suffi- 
ciently low friction to yield anything but crude results. It is possible to play the game 
on the figures themselves, 


At this stage students sould know: 


. 1) For an alpha particle of given energy 
angle corresponds to each aiming error. 


2) Large b's, little Scattering; 


~ or marble on a hill — a particular Scattering 


small b's, large Scattering. 


Section 3 — Angular Distribution of Scattering 
Section 4 — More Informa 


tion from Seattering 
PURPOSE To describe the actual alpha-particle Scattering 


experiments and show that 
they are quantitatively explained by Rutherford’ 


s planetary atomic model. 
CONTENT From Newton's law and Coulomb's law, 


Rutherford was able to calculate the 
probabilitythat an alpha particle would be deflected 


through various angles in traversing 
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a thin foil. The experiments of Geiger and Marsden were in full agreement with this 
calculation and provided strong evidence in favor of the atomic model proposed by Ruther- 
ford. These experiments also gave an upper limit to the size of the atomic nucleus. 
Similar experiments by Chadwick gave a measurement of the electric charge of several 
atomic nuclei. 


DEVELOPMENT We can calculate the orbits corresponding to different aiming errors. 
This provides a relationship between aiming error and scattering angle. The relation- 
Ship depends on the assumed force law. To make the matter concrete, it should be 
helpful to carry out the computation for one or two simple cases. Problem 4 and Figure 
32-16 refer to-the case of an abrupt force such as would arise in the elastic collision 

of two billiard balls or dry-ice pucks. It will be worthwhile to discuss this simple case 
in detail. 

The calculation for the more pertinent case of the Coulomb force is rather more com- 
plicated and cannot be taken up here (a brief derivation is given in Appendix 4 at the back 
of this volume of the Guide). The result itself is quite simple and you may wish to use it 
to make the subsequent discussion more concrete. The Rutherford result (see Figure 


T 
32-11), relating the ‘‘aiming error’’, b to the scattering angle 6 is 2 tan 8 = 24 with 
kQ Q 
em E ch where m is the distance of closest approach for a head-or collision; r- is 


a 
the distance at which the electric potential energy KORN equals the original kinetic 


r 
kQ QN s 


bE, 


o 
energy Ey: For small angles of scattering 9, the relation is 0 = 
* * * 


The relationship between ‘‘target area’’ and scattering probability is simple enough, 
but will probably require a thorough discussion. A simple example such as the follow- 
ing may help. 

We have an array of identical targets distributed uniformly (or randomly) over a 
certain area, e.g. 15 targets per square meter. If we spray bullets uniformly (or at 
random) over the target area what is the probability of hitting within a circle of radius 
5cm on any target? What is the probability of hitting within a circle of radius 2cm on A 


2 
any target? In the first case, each target has an effective area of T X (0.05) =0.008m. 
There are 15 targets in a square meter so that the effective target area in one square 


meter is 15 X 0.008 = 0.12 m The fraction of shots that will hit the targets (within the 
5cm circles) is just the ratio of the effective target area to the total area, or in our 
example: 2 
9.12m. z0.12. 
2 
1m 


If we fire 10,000 shots we expect 0.12 X 10,000 = 1,200 hits. If we wish to be more 
choosy and only count hits within the smaller circle of 2 cm radius, the number of counted 


2 2 
hits will be smaller. In this case the effective area of each target is Tb = (0.02) = 


0.001 m?. We still have N= 15 targets in 1 a so that the total effective target area in 


Xu is: 


NX (mb?) = 015m? per square meter. 


The probability that any one shot will hit a 2 cm radius target is in this case . 015. Out 
of 10,000 shots we shall get (on the average) only 150 hits. 


The situation is much the same in the scattering experiments. If we have N i atoms 
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per square meter in a foil, each with an effective target area 2 Tb? meters, the proba- 
bility of a hit within a distance b from the center will be N ib . We know that if we hit 
within a distance of b we shall get a deflection through an angle in excess of 8, related 
to the aiming error b. For instance, with a Coulomb force we have: 


kQ Qu 
8 ERA 
b= r, /@tan%, Tor. E 


The probability of a deflection of more than 9, is then given by 
2 
Nr 
N (rb?) = 22, 


z 
(2 tan 2) 


Figure 32-15 in the text is a graph of this probability vs. 0. 
* * * 


The dependence of the probability of scattering of an alpha particle on its energy is 
contained in the above result. The probability is proportional to r? and therefore in- 
versely proportional to the square of the kinetic energy of the alpha particle. 


The dependence of the scattering on the energy is another test of the validity of the 
hypothesis that the scattering is due to a force which varies inversely as the square of 


the distance. The fact that this test was carried out reveals the thoroughness of the 
investigations of Rutherford and his co-workers. 


* * * 


It should be clear, qualitatively, that since the force exerted by a nucleus on an 


alpha particle depends on the nuclear charge, a scattering experiment can be used to 
determine this charge. 


The Scattering probability varies as r E and ro varies directly with the nuclear 


charge Qu: the scattering probability therefore varies as the Square of the nuclear charge. 


Since an atom as a whole is electrically neutral, the number of elementary charges 
on a nucleus is equal to the number of electrons which surround the nucleus. Chadwick's 
measurements, therefore, give the number of electrons in each atom. This number 
turned out to be identical to the “‘atomic number'', which had been previously used to 
classify elements on the basis of their chemical p: 


roperties. This is closely related to 
e fact that the chemical properties of atoms are due to the arrangement of the atomic 
electrons. 


* * * 


Rutherford's alpha-particle Scattering experiments gave only an upper limit to the 
Size of nuclei, since no departures were 


i observed from what is calculated under the 
assumption that the alpha particles do not penetrate the nucleus. It may be interesting 
to point out that later, scattering experiments (many of them going on today) particularly 
with high-energy electrons, lead to quite a detailed knowledge of the size of nuclei and 
about the distribution of charge within the nuclei. These experiments are even giving 


information about the size and charge distributions of the nucleons (neutrons and pro- 
tons) themselves. 
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Section 5 — Troubles 


PURPOSE To prepare the way for the introduction of quantum mechanics in the final 

two chapters. 

CONTENT The Rutherford model explains many observed facts. There are as many or 
more facts which it cannot account for. Experimentally, atoms are stable, but accord- 
ing to classical electromagnetic theory, the electrons in Rutherford's atom should 
radiate energy as they circle around and, as they lose energy, they should spiral towards 
the center. As this process occurs, light with a continuous spectrum should be emitted. 
This also is not observed. 

DEVELOPMENT The main point of this section is that many facts about atoms remain 
unexplained, and in violent disagreement with the predictions of classical physics — that 
is, the physics of Newton, Coulomb, and Maxwell. An attempt to resolve these difficulties 
must, however, be postponed until we have gone through the systematic development of 
the next two chapters. 

The previous chapters led to a kind of climax of classical electromagnetic theory — 
that accelerated charges give rise to electromagnetic radiation. Experiments with 
accelerating electrons and protons in gas discharge tubes seem to indicate that these 
atomic particles obey the laws of classical physics (29-2). 1f Rutherford's atomic model 
is accepted, the atomic electrons should, according to this same classical theory, radiate 


light at a truly enormous rate. An ordinary-sized light bulb (about 100 cm?) filled with 
hydrogen should emit several hundred watts of light. According to the same calculation 


it would not take very long (about 1071! seconds), before our “light bulb” would go out, 
each atom having collapsed to the size of its nucleus (about ic meters). All of this 
obviously does not occur. Hydrogen atoms emit no light at ordinary temperatures, and 


atoms apparently have stable sizes of about 10 m meters. A quite drastic revision of 
the whole structure of physics is required to resolve these difficulties; classical physics 
is adequate to explain what happens on a macroscopic scale, but apparently fails at the 
atomic scale. 


QUIZ QUESTIONS AND PROBLEMS Most of the following questions are too long for 
quizzes. You may find a portion of a question useful for class discussion, and use the 


remainder as a quiz. 
1) This is really a series of review questions relating to Section 32-2. 
Bullets are fired into a **foil^ 10 5 meter thick and 1 meter square. The “foil’’ is 
known to contain 109 *tatoms"'. 
(8) What is the approximate distance between the centers of the “atoms” in our "foil" ? 
(b How many layers of atoms are there in the foil? 
: 2 
Out of 109 bullets fired all but 104 suffered no deflection, while the remaining 10 
bullets were scattered more or less uniformly in all directions. 
(c) Were the observed deflections due to single collisions or multiple collisions? Why? 
Answers: 
uh i a 
atoms" must be about 10 
e M -2 
b. Since the foil is 10 S m thick and each layer is 10 ^ m, there are about 


= 19! Tu v/atom = 19 915. This is a cube of 19? meter ona side. The 


: meters apart. 


m = 
10 meter/10 7 aen or about 10 layers of atoms. 
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c. The probability of a bullet making a single collision is no greater than 102/ 109 = 
10 4. The probability of making 2 collisions cannot be greater than about (107$) x 


10 5) - 195 [1/2 of this really, but it doesn't matter]. Surely the observed deflections 
are mostly due to encounters with a single target. 


2) Information from scattering. 
Bullets are sprayed uniformly over a target area of 2 m? in which we know there are 


10? identical targets. Out of 10? bullets, only 500 are deflected. Some of these were 
scattered through about 180^ and were found to come out with a speed of 90 m/sec, the 
initial velocity being 100 m/sec. 


(a) What is the effective area presented by each target? 


(b) 1f the mass of a bullet is 19? kg, what can be said of the mass of the targets? 
Answers: 


a. The effective area of all targets is the fraction 200 d x 10? of the total area, 


100,000 2 ae 


1 -2 2 -2..2 10 "m 
ors x10 “X2m"=10 "m'. Each target has an effective area of No. of targets 


b. Since the bullets bounce back with nearly all of their kinetic energy, the targets 
must be rather massive compared to the bullets. 


If a quantitative answer is required, the momentum change of the bullet is 


- mv, = 10 ? kg (-99 22- - 100 >) = - : 
my, - mv, = 10 kg (-90 zog - 100 geg) = -.19 kg m/sec. 


The target must recoil forward with a momentum of 0.19 kg-m/sec. 
The kinetic energy lost by the bullets was 
Tera sera eng Z0 1.2 m* 
gmv, - mv, 75 X10 “kg (100^ = - 99 my) = 0.95 joules. 
sec sec 


If the collision was elastic, an equal amount was gained by the target; if the collision 


was inelastic, the amount gained is less than 0.95 joules. Since mV, = 0.19, 


2 
Lay 73-4939? 
amt "2 “m3 mc 
Therefore m 2i 0-19(9.19 7 0.019 kg. 


Unless we know that the collisions are elastic we can only conclude that the mass of 
the targets is at least 19 times the mass of the bullets. A 


3) Nuclear billiard balls. 
ES an experiment, alpha particles traverse a cloud chamber full of Helium gas (the 
gm ei of He atoms are alpha particles). Suppose that the alpha particles have speeds of 
10 m/sec. Remember that the potential between two alpha particles is 


-28 
300902 9 
U- BE = 10 joules (r in meters), 


and that the mass of an alpha particle is 6 X 1927 kg (in round numbers). 
Suppose an alpha particle makes a head-on collision. 


- 107m”. 
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(a) What are the speeds of the alpha particle and the struck nucleus at the distance 
of closest approach? 

(b What is the total kinetic energy at this point? 

(c) What is the distance of closest approach? 

(d What would be seen in the cloud chamber? 
Answers: 

a. At the distance of closest approach the two speeds are the same. By conservation 

of momentum: 


7 
x E 
15 my 10° m/sec my tg 


1 2 -27 1 T2 -13 
b. E= 26 mv )=6xX10 (g 10) =1.5X10 ~ joules. 
2 
c. The total energy is im v? - > x 6X 19: 4! 107) =3% e joules. Therefore 


È -28 ; = 
1.5 X 10 As joules = U= = £ oules, r=6X10 19 meters. 


d. An undeflected alpha particle track. 
4) Scattering in a gas. 


A gas at normal temperature and pressure contains about 3 X 107° molecules per 
cubic meter. We may think of these molecules as little hard balls with a cross-section 


(TR?) of about 10719 m? 
(à How far apart are the molecules in the gas? 


(b) How thick a layer of gas will have 19? molecules per square meter? 
(c) Roughly, how far does a molecule travel between collisions? 
Answers: 


3 
-27_ 3 
a. The volume per molecule is about m sedo moe This is a cube about 
3 2 

0 m. 


x10 
- -9 2 
3X10 3 meters on a side, a cube with faces of area (3X10 m) =1 


b. A layer of gas 3 X 107? meters thick (!) would have an average of 1 molecule behind 


$ each i un of surface area. In order to have an average of 1 molecule behind each 


19--2 
10 "m^ of surface we must increase the thickness of the layer a hundred-fold to 
3X Lace 


-19 2 
c. When we have a molecule behind each 10 =m of surface, the target area 


If we shoot a bullet through such a 


£19 2 
(10 "m l i the surface area. 
/moleculey icena a since area of targets - total area. 


layer the average number of collisions will be one, 
We conclude that molecules travel about 3 X 1077 meters between collisions. In a more 
refined estimate we would include other effects (both bullets and targets have a finite size, 
both move), which would not change the order of magnitude of our answer. 
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Chapter 32 — Exploring the Atom | 
Answers to Problems — For Home, Desk and Lab 


The problems are classified in the table below according to the sections with which 
they are intended to be used. Problems witch a are particularly recommended are marked 
` with an asterisk (*). 


Problem contains misprint. Distance of closest approach should be taken as 1.65 X 


19 ?? meters. 


SHORT ANSWERS 


' 1. See discussion. 11. a) 71 X 10’ m/sec 
2. a) 103m. b) 1.6 X 10" m/sec. 
b) 2X 10! m. 12. a) raa 
c) Increase. A ee 
d) Low-speed. b) 18. 
3. a) 8 in 104, 13. 250m. | 
b) See discussion. 3 14. a) 6.6 X 10 7  kg-m/sec at 60°. 
. See discussion. b 2.0 X 10? m/sec. 
9. About 2:1. c) 2% of the initial E}. 
5 : 1%. 
6. a) 10 10 a. d) Yes; accurate to about 1% 
b) 10 19g, 15.* a) 5.8X 10 f m/sec (using ro 
7. a) Graph required. 1.65 X10 ^" meters) 
b) Silver, gold. b) Zero. AK 
8. a) Follows from the answer to (b). — nus zissrat 
em contains misprint. 
b) 2.5X 1099 for any distance. Pro ; d 


9. a) 3.6X 107385. 


b) Proton: 1.8 X 10 55 
Neutron: 0 (See discussion). 


10. Same for both beams. 
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PROBLEM 1 Suppose you have a large collection of small steel 
balls which you can fire at different targets in 
turn. You cannot see the targets directly, but 
you can observe the paths of the balls before and 
after striking. In each case below, tell what you 
know about the targets from the behavior of the 
balls. The balls are all fired at the target in the 
same direction. ; 

(a) All the balls bounce off the target with 
angle of reflection equal to angle of incidence. 

(b) All the balls bounce back, but with no defi- 
nite relation between angle of reflection and angle 
of incidence. 

(c) Practically all of the balls go through the 
target, but a few are lost in it. 

(d) All the balls are lost in the target. 

(e) The paths of all the balls cross after re- 
flection at a point in front of the target. 


This problem is intended as the basis for a class discussion to show how “‘scattering’’ 
of particles from an unseen target can be used to learn some of the properties of the 
target. 


8) A flat plate extending over the whole target area would give specular reflection of 
all ‘‘bullets’’, provided only that the bullets collide elastically with the plate (see Figure 
15-1, page 238 of the text). We cannot determine exactly the composition of the plate, 
or how thick it is. Perhaps we could learn more by firing bullets of different speeds 
and sizes; very fast bullets may not reflect specularly, very small bullets may perhaps 
go through. 


Another possibility is that there are several plates in the target, all parallel, but 
lying in different planes. This could work for a particular direction of incidence but not 
for all directions; if the direction of incidence is varied, some bullets would get through, 
either directly or after several reflections. í 


b) A rough plate extending over the whole target area would give rise to diffuse reflec- 
tion (see Figure 15-2, page 238 of the text). The plate must be made of a material that 
reflects the bullets elastically, and the irregularities must be both sufficiently random 


and of larger size than the bullets. (We can also think of more complicated arrangements 
to give diffuse reflection. ) ; 


c) If most of the bullets go through without appreciable change in direction or speed, 
most of the target must be more or less empty. Since some bullets do not get through, a 
small fraction of the target area must be occupied by something that can stop, or destroy 
bullets. One or more chunks of something like mud or putty would do, provided the 
chunks are thick enough to stop our bullets. By counting the number of bullets that get 
through and the number of bullets that stop we can determine the total cross-sectional 
area of the ‘‘mud balls” but not their number or their shape. We could find the shapes 
of the mud balls if we were able to aim the bullets very carefully, something which can- 
not be done with atomic bullets fired at atomic targets. In our example the ‘‘mud balls” 


must somehow be tied down, or we should be able to see them recoil out of the target 
area (if they are visible). 


d) A wall sufficiently thick and soft to stop the bullets apparently extends over the 
whole target area. The experiment does not disclose whether the wall is made of mud, 


snow, molasses or what have you. Nor do > 
of the wall. d ie learn anything about the size and shape 


e) A curved ‘‘mirror’’, concave toward the direction from which the bullets arrive, 
could focus the bullets. In order to bring all particles in a beam to a focus, the mirror 
should be parabolic. As in part (a), the mirror must be made of a material that can 
reflect the bullets elastically. It should perhaps be said that this is one experiment we 
could not carry out with atomic bullets fired on atomic targets; in such an experiment 
we can only observe the changes in direction of the particles. 
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PROBLEM 2 You have a wall made of cubical bales of hay, 
each 2 meters on a side, with a platinum bal] of 
radius r somewhere inside each bale, The wall is 
4 bales thick,  Machine-gun bullets are fired at 
the wall so that they spread uniformly over a 
large area covering many bales. If a bullet misses 
the platinum it goes straight through; if it hits 
a platinum “nucleus” it bounces away and is not 
recorded by the “counter” at the other side. The 
platinum “nuclei” are not exactly one behind the 
other in the line of fire, so that they do not shield 
each other from the rain of bullets. 

(a) A counter on the far side of the wall 
records that 314 bullets out of every 10,000 fired 
fail to come straight through. Estimate the 
radius of the nucleus. 

(b) If 4 times as many bullets (1,256 bullets per 
10,000) fail to get straight through, what would 
be your estimate of nuclear radius? 

Suppose the platinum was replaced with equally 
hard and massive steel, and the bullets were 
strong steel magnets. Then an attractive force 
would be felt outside the nuclei. 

(c) Would you expect this change to increase "m 
or decrease the number of bullets that do not go 
straight through? 

(d) Would you expect this new effect to be 
more noticeable with low-speed bullets or high- 
speed bullets? 


This problem is a quantitative extension of Problem 1. Here we know in advance that 
the target contains platinum spheres which will deflect some of the bullets. Since we are 
told that any bullet which hits a platinum ball is not counted, the problem is to calculate 
the relative probability of a bullet hitting a ball passing through our 4-bale thick wall. 
Looking at the wall from where the bullets 
are fired, the cross section of the wall is 2m 


an area of 4 m?, containing (because the wall gi 
is 4 bales thick) 4 balls of radius r and cross- 6 9 


sectional area ar’. The total area of the balls 


ce) 
is then 47r^. The fraction of incident bullets o d 
Which will collide with a sphere is therefore 


amr? 
4 meter 
a) The fraction of balls deflected is 314/10,000. From the above, 
4m? _ 314 
4 10,000’ 


S E 8 B 
r 7159005; 7 19 m 


2m 


Where r is expressed in meters. 


J 


r= 107} m. 
These would be yal uable spheres. At the current price of platinum, they would cost over 
5 
10° dollars apiece. 
q f the radius of the 
b) Since the number of bullets deflected depends only on the square à x10 m 
deflecting spheres, in this case the radius must be twice as large, or : as 
€) Since bullets will feel an attractive force, more will be bent in to hit the stee 8. 


P 
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Even if they don't hit the steel balls, the effective collision radius is larger than the 
actual radius, and the number of bullets which are deflected should increase. 


d) At a given distance from a steel ball, slow-moving magnetized bullets will be 
deflected more than high-speed bullets, so the effect should be more pronounced for 


low-speed bullets. 


PROBLEM 3 In a scattering experiment using gold foil, 4 alpha 
particles in 10,000 are scattered through an angle 
of more than 5*. 

(a) How many particles would be scattered 
through more than 5° if we doubled the thickness 
of the foil? 

(b) If we made the foil a thousand times 
thicker? 


This problem shows that the probability of scattering through any given angle depends 
only on the effective cross-sectional area of the target. In this case, since the nuclei all 
have the same radius, the scattering probability must depend only on the total number of 
nuclei per unit of cross-sectional area, hence directly on the thickness of the target. 


8) If the target thickness is doubled, the number of nuclei per unit of cross-sectional 
area is doubled, hence twice as many alpha particles would be scattered into the same 
angular interval, or 8 in 10,000. 


b) This part of the problem serves to review the reasons why very thin foils must be 
used in the alpha particle scattering experiments. With the original foil, 4 alpha particles 


out of 104 were deflected more than 5°. With such a small probability of deflection the 
chances are overwhelming that the deflections are due to single collisions with a scattering 
angle of more than 5°. Therefore the average number of collisions with 0 > 5° made by 


an alpha particle in traversing such a thin foil is 4 X 10 *. what happens if we stack 10° 
such foils one after the other? There are several difficulties. The first difficulty is 
that the alpha particles would probably not get through the stack, but would lose their 
kinetic energy by collisions with the electrons in the foils and wouldcome to a stop inside 
the stack. Suppose that this does not happen to be true for the foil thickness and alpha- 
particle energy used in this experiment, so that the particles do get through without much 
change in energy. We still have troubles. 


j 4 
In traversing 10° foils, an alpha particle will, on the average, make (4 X 16 collisions 


per foil) X ao? foils) = 0.4 collisions with 0 > 5°. This does not mean however that 4 
alpha particles out of 10 suffer deflections of more than 5?. The average number of 
collisions is sufficiently high that the probability of an alpha particle making more than 
one collision is not negligible. If some alpha particles make more than one collision, 
the fraction that makes at least one collision must be less than 4 out of 10 (the actual 


fraction is 1-e = = 0.33). Furthermore some of the particles that make more than one 
collision with 0 > 5°, end up with a net deflection of less than 5°. This would seem to 
reduce the fraction of particles deflected more than 5° to less than 4/10. There is 
however an effect which tends to raise the number of particles deflected more than 5°. 
A 5° deflection could result from a series of collisions all smaller than 5°. Froma 
crude argument we can see that this effect must be quite important in our example: 

a particle could be deflected 5° by two 2.5° collisions. The probability of two such 


collisions is appreciable. For small angles No is proportional to 1/e?; therefore the 
average number of collisions with 0 >2.5° is 4X 0.4 = 1.6. If the average number of 

collisions is 1.6, the probability of two or more such collisions must be sizeable (the 
actual probability turns out to be 1 Let aeri. 0.48. It seems clear that in our 


experiment multiple collisions contribute as many, or even more deflections, as single 


collisions. This is the other reason why ve thin foils are normally used. "With thin 
foils multiple collisions are negligible. dcn: de 
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PROBLEM 4 (a) To construct the curve of b vs. 0 for an abrupt 
force draw a fairly large circle to represent a 
plane.cut through a rigid sphere, and measure the 
scattering angles for various aiming errors. (As- 
sume the angle of reflection of a ball hitting the 
surface equals the angle of incidence. Why?) 

(b) From your curve of 5 vs. Üconstructa graph 
of N vs. 0 and compare it with Fig. 32-16. 

(c) Explain why this relationship is independent 
of the energy of the particles fired at the sphere. 


a) As the particle reaches the surface of the sphere it experiences a sudden change in 
momentum. We assume two things: 


1. The collision is elastic because the force is not only abrupt (i. e. acts almost in- 
stantaneously), but also is the same when the particle comes in and when it goes out. 


2. The mass of the particle is very small compared to the mass of the target sphere. 


Assumption #2 implies that the kinetic energy transferred to the target sphere in the 
collision is negligible. Assumption #1 then requires that the kinetic energy of the particle 
before and after collision be the same (nearly). Thus the magnitude of the momentum of 
the particle is the same before and after collision: Py = Po: e 


Assumption #1 also requires that the force on the particle depend only on its position 
relative to the sphere. In particular, the direction of the force must depend only on the 
position, not on its motion (no friction). By symmetry the force must be normal to the 
surface of the target sphere. It follows that there is no change in the tangential component 
of momentum of the particle during the collision: Pry = Pro: 


We now draw a triangle to represent the momentum of the particle, and its normal 
and tangential components, before collision. We also draw the corresponding triangle 


after collision. P 


t1 normal 


81 02 


Path of particle 
the two right triangles are equal (one is the mirror image 


Before collision After collision 


Since Py = Py and B4 = Pro» 


of the other). Therefore 8, = 95. 


We now draw a cross-section through the 
Sphere on the plane defined by the center of 
the sphere and the straight-line path of the 
incident particle. 


C = center of sphere 
b = aiming error 
9 = angle of scattering. 


9 = 180° - 2a 


8. 
3 = 90°- a=7 


r lues of the angle œ and measure the 
ranan a bari ahis Kus look up b/R in a table of cosines. 


Corresponding aiming error. Alternatively 
From the triangle CPQ we see that: 
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b E 8 
R7 cos y = cos (2): 


By eithe ;thod we find the results shown in column (a) of the table below and plotted 
on the graph (^ 


(8) (b) (2) 


R 

o P om = 
0 1.000 1.000 ? 
30? 0.966 0.933 3 
60° 0.866 0.750 3 
90° 0.707 0.500 B 

120? 0.500 0.250. 
0 90 


150^ 0.259 0.067 

180? 0.000 0.000 
b) With n targets per unit area in the beam, the probability of scattering through an 

angle greater than 0 is given by nnb, The number of scatters, No; through an angle 


Scattering angle, 9 


2 
greater than 0 is therefore proportional to p? and also to (bD/R) . The calculated values 


of (b/ R)? are shown in the preceding table, column (b), and were used to draw the graph 
(b) of No v8. 0. Points read from Figure 32-16 are shown on the same graph as well 


as inthe table. They agree when multiplied by some constant so as to make then agree 
at one point, say 0 = 0. 


c) The result in (a) was obtained without mention of the energy. The scattering is 


independent of energy as long as the assumptions are valid. The original result is a 
very good approximation as long as the assumptions are valid. 

PROBLEM 5 From the graph in Fig. 32-15, determine the ratio 
of the number of particles scattered through an 
angle greater than 15° to those scattered through 
an angle greater than 22.5. 


Because the graph is small, only an approximate answer is possible. 
N. 


o 
The ratio of x ue rA x2. 
Sper nee 
PROBLEM 6 Suppose we wish to probe the interior of atoms l 


with light waves. 1 
(a) What is the wave length of X rays? 


(b) What size would a nucleus have to be to 
reflect them? ` 


This problem is intended to show why ordinary X rays.are not suitable tools for 
determining nuclear structure. 


1 


-9 = 
a) The wavelength of ordinary X-rays (see Figure 31-27) is between 10 ~ and 10 
meters, about the size of an atom. 


You will note that Figure 31-27 is not specific about the Shortost wavelengths of X 
rays. Sometimes electromagnetic radiation of wavelength 10 meters is called 


32-19 


X rays. Electromagnetic waves of these wavelengths (from betatrons and synchrotrons) 
are used to investigate nuclei. 


b) If the nucleus is to reflect an appreciáble amount of energy at a given wavelength 
its size would have to be comparable to the wavelength. 5 ngth, 


It might be pointed out that since the wavelength of X rays is of the same order of 
magnitude as the diameter of an atom, X rays are very useful tools for telling us about 
the size of atoms and their arrangement in crystal lattices in solids. In fact, we have 
learned about the regularities in atomic arrangement in solids largely through X ray 
diffraction techniques. Students may recall that the material in Part I on crystals 
suggested that X rays were one of the tools for studying crystal structure. 


It might also be noted in discussion that ordinary light (wavelength 16 9 m)is much 
too coarse a tool to use for examining individual atoms, which are generally of diameter 


10? mor less. This is ordinarily true. But we do use visible light to investigate the 
natural frequencies at which the atoms will resonate. 


PROBLEM 7 Three experiments were done with the same-alpha 
particle beam, the same counters at the same 
positions, and different foil targets. Five counters 
were arranged with respect to each target and the 
beam to count particles scattered by the angles 
given in the table. The time interval of counting 
was the same for all three experiments. The foils 
were designed so that the beam passed through 
the same number of atoms per square centimeter ` 
regardless of which target was used. The results 
presented in the table below give the numbers of 
particles scattered into the same range of scatter- 
ingangles. For example, the count at 30° includes 
all particles scattered in any direction in the range 
between 29? and 31°; the count at 60°, all those 
scattered in any direction in the range between 
59° and 61°, etc. 


SCIT NUMBER COUNTED 
ANGLE 

Target | Target 2 Target 3 
30° 2,790 35,920 102,810 
60° 346 4,451 12,760 
90° 100 1,288 3,685 
120° 39 496 1,423 
150° 14 187 532 


(a) Plot the number scattered versus the scat- 
tering angle for each target. (Plot all three graphs 


on the same axes.) à 
(b) Target 1 was aluminum. What were the 


other targets? 


This problem shows the connection between the angular distribution of scattered 
us. Note that the experimental 


particles and the atomic number of the scattering nucle 
conditions presented in the problem (identical counters, identical geometry, identical 
numbers of atoms in the beam path, ete.) ensure that the observed differences can re- 


sult only from differences in the nuclei in the target material. 


a) A plot of the data (which we omit) shows, qualitatively, the same angular depend- 
ence for each target. For a quantitative evaluation it is simpler to compare the counting 


rates numerically. 
uld be proportional to 


b) The probability of scatterin i range of angles sho 
g into a given rang ) s 
the square of the pipiens charge (see Section 32-4). We calculate the ratio of the num 


va 
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ber of counts for targets 2 and 3 to the number of counts for target 1. The results are: 


Q Target 2/Target 1 Target 3/Target 1 
30° 12.9 36.8 
60° 12.9 36.9 
90° 12.9 36.8 
120° 12.7 36.5 
150° 13.4 38.0 
Average: 13.0 37.0 


We note that the ratios are the same at all angles, as we would expect from theory. 
Since the ratios of counts should be equal to the square of the ratio of nuclear charges, 


we have: 
2 
= = 13.0 i. 3.60; 
8 4 


qa \2 q 
(2) = 37.0 T= 6.08. 


1 1 
Assuming the nuclear charge of aluminum to be 13 elementary charges, we have: 
Ip = q) (3.60) = (13)(3.60) = 46.8 elem chgs. 


Gg = Wy (6.08) = (13)(6.08) = 79.0 elem chgs. 


Target 2 was probably silver (a = 47) and target 3 was probably gold (a = 79). The 
consistency of the data given is not quite good enough to guarantee that we are right, but 
we are certainly within one unit of atomic number. In fact, the data given are the results 
of experiments using aluminum, silver and gold. 


PROBLEM 8 (a) Explain why the gravitational force between 
an alpha particle and a gold nucleus has little ef- 
fect on the scattering of alpha particles by gold. 

(b) What is the ratio of the electric force on an 
alpha particle to the gravitational force when the 
separation of an alpha particle and a gold nucleus 
is 10-* m? When it is 107? m? 


This problem illustrates the enormous magnitude of electrical forces relative to 
gravitational forces. 


3) This question can be readily answered after the completion of part (b). The gravi- 
tational force between an alpha particle and a nucleus is much smaller than the coulomb 
force.at any separation distance. 


b) The electrical force between two charged objects separated by a distance r, from 
Coulomb' s law, is 


e 20h 
r 
while the gravitational force, from Newton' 8 law (Chapter 22) 1s 
: G m,m 
Roa 


2 
8 r 


- — 
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The ratio F/ Fy at any given distance is then 


x: -28 
Substituting, k= 2.3 X 10 ^, q} (gold) = 79, à (helium) = 2, G = 0.67 X 19 19. 


gu 197 1,008 10 "ss My = 4X1.66X 10 ^" (where the units are m. k. s. and elem- 


F 
entary charges). We find that = -2.5X 1095 for any distance. 
g 
PROBLEM 9 An alpha particle whose kinetic energy is 10 


joules is scattered by a gold nucleus. 

(a) What is the minimum possible distance of 
closest approach? 

(b) What must be the aiming error if the alpha 
particle is to get this close? 

(c) How close could a proton of the same | 
energy approach? A neutron? 


In solving this problem, we follow the argument used in the text on page 583. 
a,b) The potential energy at the minimum separation distance, To! is 


kd, 


E 
o 


U= 


If the collision is head-on (the aiming error is zero), the alpha particles will come - 
to rest at à minimum distance ro such that U(r) is equal to the initial kinetic energy 


of the system. Solving, 


28 2 
-— 2. 1971? joules; r, = 3.6 X 10 14 m. 
z ae Gerla 


-1 
c) For the proton, qg = 1, hence r, is half as large as in (a), or1.8X10 ^ m. 


2.310 


it is not repelled by the coulomb barrier, and can 


Since the neutron has no charge, 
si ally, there are important 


get as close as it pleases to the nucleus for any energy. Actu 
short-range nuclear forces which come into play for distances of the order of the puer 
radius. These forces also act on charged particles in the nucleus and those fired at the 


nucleus with enough energy to bring them through the coulomb field into the region of the 
nucleus. j 


PROBLEM 10 In one scattering experiment a proton beam 

strikes a gold target. In a second experiment a 

beam of deuterons (atomic mass — 2, atomic 

number = 1) is used. The kinetic energy of the 

particles is the same in both beams. How will the 

minimum distance of closest approach to gold 

nuclei of the two kinds of beams compare? 
i i losest approach 
This simple problem illustrates that the minimum distance of c 
(for Coulomb scattering) depends only on the kinetic energy and charge B ae 
ing particles and scattering nucleus. Following the arguments e wr oa 
mum distance of closest approach, ro is determined by the point a iy c 

; 5 

barding particle is brought to rest in a head-on collision. At that point the particle's 
potential energy is equal to its initial kinetic energy, 


k 
Fara = original Ep- 
To 
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Since the two particles, proton and deuteron, have the same charge and kinetic 
energy, the minimum distance of closest approach must be the same in both cases. 


As an extension of this problem, students might be asked to discuss the case in 
which the two particles have the same velocity, rather than the same kinetic energy. 


In this case, the kinetic energy, 1/2 mv?, of the deuteron (mass twice that of the pro- 
ton) is twice the proton kinetic energy, and the minimum distance of closest approach 
for the deuteron will be half that for the proton. 


PROBLEM 11 What is the change in velocity of (a) a nitrogen 
atom and (b) a helium atom when struck head-on 
by an alpha particle whose velocity is 1.6 x 107 
m/sec? Assume that the atoms are at rest when 
they are hit. See Section 24-8. 


Es 1 , 
mv, mv + moV . 


Since kinetic energy is conserved, 


DNO LAC 2 RENE. 
2744 "3m *q4m,v, 


Solving for the final velocities, vi and vy » by the method shown in Sections 24-8; 


m,-m 

yz : v 
1 m+m, 1 
2 my +m, 1 


a) For nitrogen, m, = 14 amu. The mass of the 


of helium, 4 amu. Then 


2X4 7 
M 742414 /1.6X10 2 7.1 X 308 n/sec, 


= 4 7 
Vy! = Fg X1.6 X 107 = -8.9 x 109/566, 
b) For helium, m,- m, = 4 amu. 


vy =v, = 1.6 x 10" m/sec, 


t= 
Yi 0. 


Thus, in an elastic head-on collision of a moving mass with an identical mass which 
is initially at rest, the projectile comes to regt and 


the target recoils with the original 
speed of the projectile. g 


PROBLEM 12 (a) What fraction of its energy is lost by an alpha 
particle in a head-on collision with an electron? 
(The mass of an alpha particle is about 7,200 
times that of an electron.) 
(b) Approximately how many such collisions 


must occur before the energy of the alpha particle 
is reduced by | per cent. 
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a) We can find the speed, v /, of the electron and the speed, Vg, of the alpha 


particle after the collision by applying conservation of energy and momentum. The 
formulas are given in Section 24-8; they are: 
2 m, S my-m, 


v! s — yV o; Ve YY 
e m *tm Q’ Q + 
a “e ido nane. 


Since the mass, m, of the alpha particle is much greater than the mass, m, of the 
electron,the results show that the speed of the alpha particle is only slightly smaller 
after collision than before, as we would have expected. The speed acquired by the 
electron is given with sufficient accuracy by: : 

vi=2v.. 

e` a 

This result is so simple that some students may want to find a simpler explanation. 
Here is one. Suppose that there is an observer moving along with the alpha particle 
at the same speed v, and in the same direction, say North. What does he see? 
Relative to this speedy observer the alpha particle is initially at rest, and the elec- 
tron collides head-on with the stationary, and much more massive, alpha particle, 
it will bounce back, due North, with nearly the same speed va What is the motion 


of the same electron after collision relative to the laboratory? The electron is moving 
North at the speed es relative to the moving observer who, in turn, is moving North 


with speed es relative to the laboratory. Clearly the velocity of the electron relative 
to the laboratory must be 2 s 


To find the kinetic energy lost by the alpha particle, we calculate the kinetic energy 
gained by the electron: 


? ERO 2 4m 2 
ET =m, WJ) "5 (m/m) m, CVa = m, Gaa ) 
4m, 4 


"-m Be 73 Ea Eg/ 1900. 
The energy lost by the alpha particle is equal to this by energy conservation. 


b) Eighteen head-on collisions would be required to make the alpha particle lose 1/100 
of its energy. It may be interesting to note that 1 per cent is approximately the energy 


-7 
lost by an alpha particle from a polonium source in traversing a gold foil 10 meters, 
or 400 atoms, thick. The way in which the alpha particle loses energy is by collisions 
with atomic electrons. Not all collisions are head-on, so that more collisions are in- 


volved than we have actually calculated here. 


PROBLEM 13 A student wants to make an approximate scale 
model of the arrangement of the gold nuclei in a 
monolayer of gold. He decides to use marbles 
(diameter 1.5 cm) to represent the nuclei, About 
how far apart should he place them? Note: Abs 
radius of the gold nucleus is about 7 X 107 


meters. 
In the model, a sphere of diameter 1.5cm is to represent a gold nucleus, which has 


= -14 -12 
an actual diameter of about 2X (X10 1? - 1.4 X 10 ^-1.4X10 “cm. In order for 
the model to be true to scale, every linear dimension must be scaled up by the same 


ratio, i.e. by a factor of about 1912. On page 574 of the ory the distance between 
neighboring gold atoms was estimated to be about 2.5 X10 "^ meters. The scaled dis- 
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= 2 
tance should be about (2.5 X 10 1 meters) X 10!” or about 250 meters. If this illus- 
tration of the extreme compactness of nuclei does not impress your class, ask them 


13 
to estimate the density of matter in nuclei; it is of the order of 10°“ times the dens ity 
of ordinary gold! 


PROBLEM 14 An alpha particle whose velocity is 10’ m/sec is 
Scattered by a gold nucleus at rest through an 
angle of 60°. Assume that so little kinetic energy 
is transferred to the gold nucleus that the speed 
of the alpha particle after the scattering is the 
same as it was before. 

(a) What is the momentum transferred to the 
gold atom? 

(b) What is the velocity given to the goid 
nucleus? 

(c) What is the kinetic energy given to the 
gold nucleus? 

(d) Was your initial assumption a good one? 
Explain. 


In a collision between an alpha particle and a heavy nucleus only a small fraction 


of the initial kinetic energy is transferred to the nucleus. To determine the actual 
amount we apply conservation of momentum and energy to the interaction. 


a) The total momentum of the System (alpha particle plus nucleus) does not change. 
Since the nucleus is initially at rest, the initial momentum is just the momentum of 
the alpha particle, Bott After the collision the alpha particle has momentum p a2’ 


and the nucleus has momentum By: The vector sum of the final momenta must equal 
the initial momentum: 


Bao + By = Pot 


We construct a vector triangle showing the addition of Bye and By to give Boi: 


We know the angle between Bye and p o1 


this is just the angle of scattering, 60° in 
this example. 


If we assume that the final kinetic energy 
of the alpha particle is almost equal to the 
initial kinetic energy, then the magnitude, 
Pag? of the final momentum of the alpha par- 


ticle must be almost equal to the magnitude Pot 
p; Of the initial momentum. With this assumption the triangle is very nearly equilateral 


and Py is nearly equal to Pot: ‘Ifa numerical answer is wanted: 
Poi ^ MV, = 6.62 X i kg X 1.00 x 10^ m/sec = 6.6 x 19 79 kg-m/sec. 
a al 
PN is slightly smaller than this. : 


b) From the momentum m 
approximately: 


NIN of the nucleus we can calculate its speed. We have 


= 0.020 x 10” = 2.0 x 10? m/sec. 


As noted before, the actual speed will be a little less. 
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c) We can now calculate the kinetic energy, (Ej) , acquired by the nucleus: 
N 


al 2 


m 
=i 251 aut =—% [i d 2 
E ZANNE N (Fava) Sy (maal = mars ORE 


By conservation of energy the final kinetic energy of the alpha particle will be: 


E, "ES. En Ey. (1 - E 


w pos 1 1 
d) We can now check the accuracy of our approximation. We have: 
p 
fbi 
P 
el 


Our answers to parts (a), (b) and (c) must be accurate to about 1%. 


While this energy loss is small it is quite large compared to the energy lost in a 
collision with an electron (see HDL 12). Why have we said that the energy loss of an 
alpha particle in traversing matter is mainly due to collision with electrons? The 
rather obvious answer is that collisions with nuclei are exceedingly rare. Suppose a 


polonium alpha particle traverses a gold foil 10" meters thick. The probability of a 
collision in which it is deflected more than 60° is only 1/50,000. 


PROBLEM 15 (a) If the distance of closest approach of the 
alpha particle in problem 14 was 10-13 m, what 
was its speed at this point? 

(b) At what speed was it moving toward the 
nucleus at that point? 


Note: The problem statement contains a misprint. For the conditions specified in 


Problem 14, the distance of closest approach is 1.65 X 1019 meters. A distance of 10 
meters gives a negative kinetic energy in the solution of this problem. 


a) Since energy is conserved the sum of the kinetic and potential energies remains 
constant. 


13 


5mv + 
gmv 


kinetic potential 

energy energy 
When the alpha particle is a long way from the nucleus, r is so large that the potential 
energy is negligible, and the total energy is 


kayt 
1 mv? +7 = N Z g, the total energy. - 


13, 
E = dmv" = 3 x 6.62 10 27 x (1,00 x 10") = 3.31 X 10^ joules. 


2 
When r = 1.65 X 10 1? meters we have 


-28 ^ 
1,2, 2:80 X107 X 2X8, 5 31 x 10 13 
* 1.65 X 10 
Solving, we obtain 


f -13 
1 mye = (3.31 - 2.20) X 10 B. 1.11 X 10 joules. 


2 
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Then 


-13 -13 
x [2 561511. x 105 pus. 5.8 x 109 meters/sec. 
m 6.62 X 10 


b) At the distance of closest approach the component of velocity along the line to the 
nucleus must be zero, 


@ particle 


<a 


| 
$ nucleus 


E 
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Chapter 33 — Photons and Matter Waves 


Chapter 33 introduces two basic facts that are essential to a further understanding 

of atoms and matter: 1) Light exhibits both wave and particle properties. 2) Particles 
of matter exhibit wave properties as well as particle properties. The chapter can be 
considered in three groups of sections. 


CHAPTER SUMMARY 


Sections 1-3 Section 1 describes an experiment in which a light beam is aimed at a 
group of oil drops. The manner in which electric charges are ejected from the drops 
requires the assumption that light consists of particles rather than a smooth wave. If 
light does come in particles, this raises a question as to how to understand interference 
and diffraction phenomena which are characteristic of waves. An answer is that although 
light comes as a random volley of particles, the pattern that builds up, as more and 
more of these particles arrive, is determined by the wave aspect of the light. 


A few experiments in probability are suggested in order to illustrate how random 
events can build up an orderly pattern. Finally Taylor’s classic experiment is described. 
This experiment shows that individual particles of light, or photons, exhibit wave be- 
havior even though there are no other photons nearby to *'interfere'' with them. 


Sections 4- 7 In these sections more of the properties of photons are discussed. The 
photoelectric effect is described, and it is established that each photon of a given wave- 
length carries a definite energy. This energy is proportional to the frequency v, of the 
wave associated with the photon and equals hv where h is Planck's constant. The Comp- 
ton effect is described. A photon collides with an electron, bouncing off with reduced 
frequency. Analysis of this process shows that each photon of a given wavelength also 
carries a definite momentum, hv/c, or h/X. The relationship between energy and mo- 
mentum for a photon is shown to be different from the relationship between energy and 
momentum for a slow particle. Our ideas of photons are shown to be compatible with 


ourideas of electro-magnetic waves. 


Sections 8-11 Now that light has been shown to have wave and particle properties, 


deBroglie's hypothesis is described. deBroglie thought that particles of matter might 


have wave properties and that the wavelength associated with a particle would be h/p. 
er of beautiful experiments which 


This imaginative hypothesis was confirmed by & numb 
are described. Beams of electrons, neutrons, and helium atoms all show intërierence 


patterns when they reflect from, or pass through, regularly spaced arrays of atoms or 
other obstacles. ‘The wave nature of a particle becomes important when it moves among 
or encounters objects whose spacing or size is comparable to the particle's wavelength. 
Under these circumstances the laws of Newtonian mechanics, which can be applied ; 
successfully to problems involving largé particles, apparently failed. A new formulation 


must be developed to describe the wave-like behavior of very small particles. This 
new mechanics is called wave mechanics or quantum mechanics. Wave mochanics be- 
the wavelength is much shorter than 


comes identical to Newtonian mechanics where 
the other distances involved in the problem. 


The chapter closes with a discussion of the similarities and 
particle nature of light and of matter. 


SCHEDULING CHAPTER 33 
this chapter, consistent with the 


The following table suggest possible schedules for 
Schedules outed in the eus dun E section. Sections which can be deemphasized 
or abbreviated without loss in continuity are designated with brackets []. 


differences of the wave- 
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Lab 
Period 


RELATED MATERIAL FOR CHAPTER 33 


Laboratory Experiment IV-10, Randomness in Radioactive Decay, should be done 
with this chapter. See the yellow pages for suggestions. 


Experiment IV-11, Simulated Nuclear Collisions, will be done later by most teachers 
but can be done now if it fits your schedule better. 


Home, Desk and Lab 


The following table classifies problems according to their estimated level of difficulty 
and the sections with which they are intended to be used. Those which are especially 
suited to class discussion and those which are home projects are indicated. Problems 
which are particularly recommended are marked with an asterisk ( 


*). 
| Hard [class Discussion 

TEVICTIXICACOARON Y cr RN NN CON NN 
Sn 
ee | 
ie | 9 g| 
Roc Mm] 


‘a Problem 12 deals with the material of Section 6, but some students will need techniques 
described in Figure 33-14(b) to solve it. 


++ 
Problem 21 should be assigned and discussed at the end of the chapter since its pur- 
pose is to introduce Chapter 34. 


Films ‘‘Photons’’, by John G. King of M.I.T, demonstrates the particle nature of 


. light with a photo-multiplier and an oscilloscope. Short bursts of very weak light are 


m 


passed through an intermittent shutter and fall on the photo-multiplier. The output is 
examined with the oscilloscope showing that light does not come as an *'even stream", 
but in **packages'' at random intervals. Running time: 18 min. 


‘Interference of Photons'' by John G. King of M.I. T. Using the same detection 
apparatus as in the film **Photons'', a movable double slit is used to move an interference 
pattern across the photo-multiplier. The light intensity is reduced until calculation 
shows that at any given time, there is rarely more than one photon between the light 
source and the photo-multiplier. The resultant observation of the characteristic inter- 


ference pattern shows the coexistence of wave and particle behavior in light. Running 
time: 13 min. 


"Pressure of Light", by Jerrold R. Zacharias of M.I. T. If this film was not shown 
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in connection with work on Chapter 14, it could be used with Section 6 of this chapter. 
The film gives a remarkable demonstration of light pressure. Running time: 21 minutes. 


A film on the photo-electric effect, by John Strong of Johns Hopkins University, is 
in preparation and should be available soon. i 


Demonstration: The photoelectric effect. The yellow pages describe a simple 
demonstration of the photoelectric effect. This is well worth doing and illustrates 
the ideas discussed in Section 4. 


Section 1 — The Graininess of Light 


PURPOSE To describe some experimental observations which cannot be readily under- 
stood from the point of view of a wave model and thus to introduce a basis for recon- 
sideration of a particle model. 


CONTENT Electrons are ejected from specks of matter by a beam of X- rays. The 
average number of electrons ejected is proportional to intensity, as would be expected, 
but individual events occur randomly in time, in a way that is completely at variance 
with the predictions of a wave model. This can be explained, however, by regarding 
the beam of X-rays as a volley of particles. Thus, one of the intriguing facts of modern 
physics is introduced: There are some situations in which light displays particle-like 
behavior; although we have already seen that in other situations it behaves like a wave. 


EMPHASIS This section presents the first qualitative evidence for the quantum nature 
oflight. It must be thoroughly understood. 


DEVELOPMENT Students who have seen the film on the Millikan oil drop experiment 
should have little trouble picturing the experiment described in this section. The 


interpretation, however, may present some problems. The most difficult idea is that 


all the drops should lose electrons at the same time if the X-rays were behaving like 
waves. It will be well to go through a calculation of such a process in a very simpli- 
fied way. It is reasonable to assume that the same amount of energy will remove an 
electron from any drop. A beam of electromagnetic radiation (behaving as waves), 
delivers the same energy per second (P joules/sec) to each drop. Then if it takes a 
certain energy (E joules) to remove an electron from a drop, radiation will have to be 


absorbed for E/P seconds before an electron is ejected. This time should be roughly 
the same for all drops. As an example, calculate the time that would be required for 
ject an electron from an atom one 


a wave disturbance from a 100-watt light bulb to e ms 
meter away from the light bulb. Suppose it takes 2 X 10 joules to eject an electron 
-10 i f one meter 
from an atom and the atom has a fadle D tee sphere of on 
pue here over which the light is spread is 


radius centered on the bulb, the area of this Sp 20 -21 
/4=2.5%10 “ of 


2 2 2 MS 
4rr^- 4r (meters)^. The atom covers a fraction Ar /Anr' = 10 
the area, so it captures only that fraction of the 100 watts. This is 100 watts X 2.5 x 
-19 
10 ^ joules/ 


1? = 2.5X 10:29 joules/sec. So the atom must absorb energy for 2x 


2.5 x 101? joules per sec, or 0.8 seconds, in order to eject an electron. 2 e 
Out this calculation, you can point out that under these identical conditions, electron: 


have been observed to be ejected in 108 seconds. (See the caption for Figure 33-2.) 

- ing! If 
As a homely illustration of the phenomenon, you could consider corn popp 
you put corn into a hot skillet and jiggleit in the approved way, So RAE sug 
fora few minutes. Then one kernel will pop, and suddenly they all $ us s co 
don't pop at exactly the same time because differences in the rate pe a eue 
mitted to the individual kernels,but you have to wait a certain Pu A S dl 
happens at all. Imagine the surprise if, as soon as you poured in the corn, 


33-4 


would pop! This doesn't happen because corn popping isn't a one-quantum process. 
With the X-ray beam regarded as a wave, the photoelectric effect is just as surprising. 


The photon model of light which is now invoked to understand this surprising result, 
uses arguments very similar to those for scattering in the previous chapter, Sections 
32-1 to 4. The frequency of occurence of the encounters, that they occur randomly in 
time, and that they may occur very promptly, are all understood in exactly the same 
way as in that earlier work, although we now have the incident ‘‘particle’’ (the photon) 
absorbed by the atom, followed by ejection of an electron. (The individual process is 
more complicated than simple scattering, of course.) 


A more detailed examination of the photoelectric process is made in Section 33-4. 
Defer discussion of details till then. Do not become embroiled in detailed discussion 
of exactly what the classical model predicts. For the most part the explanations are 
well beyond even the best classes. In the light of further evidence to be presented in 
Section 4 and 5, the deficiencies in the classical wave model will become apparent 
enough to convince students of the need for a new theory. 


COMMENT On page 589, left-hand column, the text suggests that the student may want 
to figure out why the magnetic field is not important for electron ejection. The argu- 
ment goes as follows: In a plane electromagnetic wave, E and B are related: B = E/c. 
(See Part 3 of the boxed material in Chapter 31, page 569.) The force exerted on an 
electron, moving with a velocity v, by an electric field is just Fa =E. Now the force 


exerted on such an electron by a magnetic field is P = Bv = (E/o)v = Fov/c. So Fm 
is smaller than Fs by the factor v/c. The velocities of electrons in atoms are consid- 


erably less than c, so the magnetic field is correspondingly less effective than the elec- 
tric field. 


FILMS. The two films '*Photons'' and ‘Interference of Photons” contain quite de- 
tailed descriptions of a photoelectric effect experiment, and of the photon interference 
experiment (Section 33-3), respectively. If you are able to use these films, an effective 
presentation consists of a reasonably fast treatment of the sections on photons (33-1 
through 33-7), followed by the films. In this way your class discussion can be mainly 
concerned with the questions of principle — for example, the material of the foregoing 
development. The films, particularly the first, “Photons”, dramatically convey the 
main point of this work — the random nature of the individual events, which leads us 

to a model for light which has particle-like properties. The technical aspects of these 
rather complicated experiments are also easily taken care of in this way. 


HDL Problem 5 is similar to the suggested calculation in the Development above, 


and the same argument is given in the first ‘‘Photon’’ film. It is essential for the stu- 
dents to be convinced on this point. 


Section 2 — The Orderliness of Chance 


PURPOSE To show how individuall 


: y random events, when observed in sufficiently 
large numbers, will develop a re 


gular and predictable pattern. The motivation is that 
we must understand how photons can individually behave in a random way, but, when 


large numbers are studied, seem to follow the re i 
a i ; . gular patterns (interference and 
diffraction) predicted by the wave theory. 1 


CONTENT An experiment is proposed to illustrate the statistical behavior of a group 
of random events. Instead of individual grains of light, a set or marked cards is used. 
In any one trial, it is not possible to predict which card will be drawn. But after many 
such drawings, the average number of appearances of each kind of card tends toward 


,& pattern which can be predicted from the original distributi h kind 
UPON th the pack: g à distribution of numbers of eac 


33-5 


EMPHASIS A general understanding of probability is important to the thorough under- 
standing of photon interference patterns, but may be skipped if you are hard pressed 
for time. Probability is fascinating in its own right. Do not get bogged down here. 


DEVELOPMENT An experiment of the type described in the text is illuminating and 
worth doing. A simpler variant is described in the green pages under the discussion 
of Problem 2 where marbles in a can are substituted for cards in order to shorten the 
‘shuffling’ time. If the experiment described in the text is done each student could 
make a set of 3 ‘‘L’’ cards, one “c” card and 6 **R'' cards. Then each member of the 
class could draw, record the draw, shuffle, draw, etc. for about ten minutes. Then 
the individual results could be tabulated. The individual results will show the random 
fluctuations typical of chance, but the results of the class as a whole should show a 
pattern much closer to the average of 3:1:6. 


You will not want to carry on the experiment too long especially since very many 
trials are needed — more than you have time for — to obtain results very close to the 
predicted ratios. When the main point has been made, you may wish to remind stu- 
dents that they really are familiar with this situation. They toss a coin when a ran- 
dom choice between two alternatives is required, and they all believe that this is a 
fair way to make the choice. If they tossed many times, heads would come up about 
as frequently as tails. 


HDL Problems 1, 2, and 3 are all home exercises of the kind discussed here. A 
useful class discussion can be based on any of these problems by recording several sets 
of home results in class, and combining them to “get better statistics". It is impor- 
tant for students to believe the thesis of this section. The exercises themselves have — . 
little pertinence beyond this; there is no point in students spending many nights dealing | 


cards or throwing dice! 


Section 3 — Graininess and Interference 


PURPOSE To discover whether individual photons trace out the interference patterns 
produced by strong light. 


CONTENT Our knowledge of interference phenomena was obtained with intense beams 
oflight, involving many photons all going through the apparatus simultaneously. Is 
interference a result of the interaction of photons with each other, or is it a property 

of individual photons? The question is answered by describing G.I. Taylor’s experiment 
in which he photographed the diffraction of light around the shadow of a needle. Even 
when the intensity of light was so low that only one photon at a time was in the space 
between the lamp and the photographic plate, a long exposure showed the same diffrac- 
tion pattern as when the light was intense. 


EMPHASIS This section need not be discussed; 


DEVELOPMENT In the rest of the chapter 4 ready understanding of wave concepts 


and properties i eed to review the various topics that arise by 
properties i espe cu DNE t in reminding students of 


referring back to Chapters 17, 18 and 19, A iHe Ce Een st 
diffraction and interference, and their explanation in terms of the superposition of 
wave amplitudes, may be necessary. The test could be that, presented with Figure 
33-11 (c) or (d), they should immediately think of waves as the. explanation. 

"' illustrates a modern version of the Taylor ex- 


ý i he 
her than Taylor’s photographic plate so t 
r One hears and sees very few pho- 


it should be assigned as reading material. 


The film “Interference of Photons 
periment. A photo-multiplier is used 


arrival of individual photons can be heard and seen. y 
tons at the known positions of the interference minima, and very many at the maxima. 


It is clearly demonstrated that t ánterference'' effects are not the result of interactions 
between two or more photons. Note when the light strikes the photo-multiplier, it 1s 
S not spread out over the interference pattern. 
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What is the significance of this new experimental observation in our study of photons 
andlight waves? Had the result been just the opposite, we would still have to contend 
with the particle properties of light as evidenced by the experiment of Section 1l. This 
new observation is something extra, and it appears to be somewhat paradoxical. How 
can a single photon interfere with itself? For interference fringes to occur, light inust 
travel coherently and simultaneously through both slits of a two-slit apparatus, but the 
individual photons arrive finally, each at only one definite place; and the interference 
pattern is a statistical accumulation. Cana particle travel through two slits simul- 
taneously? Certainly not a particle such as we have used in Part III. On the other 
hand, could you find out which slit the photon actually went through? If you cover one 
slit, to ensure that the photon goes through the other one, then the interference pat- 
tern disappears, and you will only see the diffraction pattern of a Single slit. In fact, 
it can be shown that any supplementary apparatus which will detect the passage of the 
photon through one of the slits will also destroy the coherence, and hence the interfer- 


appreciate. There are some situations in which light behaves as waves. One example 
is a beam of light passing through a pair of slits and being detected by its heating effect 
on a thermocouple. There are other situations in which light behaves as particles, An 


example is the way the X-rays knocked charge out of bits of matter in the Millikan ex- 
periment, 


One approach to this “‘paradox’’ which is often effective is the following. Light is 
light. It is not a wave and it is not a particle. Our concepts of waves and particles are 
idealizations of possible kinds of behavior. There is no reason to believe that light will 
fit in either of these categories uniquely, in fact it is fortunate that any analogy at all is 
possible. We try to force all new phenomena that we observe into some familiar cate- 
gory, so that we are capable of some kind of description and some degree of understand- 
ing. Nevertheless, we should not get in the habit of giving these efforts toward cate- 


gorization an independent reality. Our ultimate goal is a consistent desc ription of things 
as they are. 


FILM ‘‘Interference of Photons". See Section 1, Films. 


Section 4 — The Photoelectric Effect 


PURPOSE To learn about some of the properties of 


photons, by examining several 
manifestations of the photoelectric effect; 


CONTENT a. When monoenergetic photons are absorbed in a cloud chamber, the 
ejected electrons all have the Same energy. 


pends on the particular Surface. 


Both of these experiments show that the photons, which constitute the beam of : 
monochromatic light or X-rays, have a unique energy, not just an energy spread with 


the appropriate average value. The second experiment also shows that this unique 
energy depends on the wavelength, shorter wavelengths corresponding to higher energy. 
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EMPHASIS Treat thoroughly but briefly. The next section builds directly on this one 
by using the same, simple apparatus in more complicated experiments. 


COMMENT The photograph of the droplets in the cloud chamber, Figure 33-6, shows 
peautifully the randomness in space of the absorption process. That the drops formed 
are identical in size, i.e. that the ejected electrons all have the same energy, requires 
a somewhat trusting interpretation of the figure. Avoid detailed discussion of this 
point. We are putting together a series of clues whose total import is overwhelmingly 
in favor of the photon hypothesis of Einstein. 


The mechanics of the photoelectric effect with the metallic surface can be effectively 
left to the first ‘‘Photons’’ film. The point of this part of the section is to introduce 


photoelectric emission from a surface, and to give its significant dependence on wave- 
length. 

Problem 4, as a home exercise, will emphasize the random nature of the photon 
absorption process. 


When available, the film on the photo-electric effect, which shows and interprets 
photo-electric phenomena, will be a help in teaching Sections 4 and 5. 


Section 5 — Einstein's Interpretation of the Photoelectric Effect 


PURPOSE To establish the fact that the energy of a photon is proportional to its fre- 
quency. TM 


CONTENT An experiment is described in which the kinetic energy of photoelectrons 
is measured as a function of the wavelength (or frequency) of the photons that ejected 
them. It is found that the maximum kinetic energy of the electron, Ep 18 related to 
the frequency as follows: 


EQ17 hv - B. 


The quantity B is the amount of energy required to pull the electron away from its atom 
or from the surface of the piece of material of which it is a part. The quantity hv is 
interpreted as being the energy of the photon. When hv exceeds B, the photon can not 
only pull the electron out of the atom or of the metal surface, but it can also give it 
kinetic energy. This explanation of the photoelectric effect was proposed by Einstein 
in 1905. 


EMPHASIS This is the quantitative climax of the first part of this chapter. It must be 
understood, not only for itself, but for any understanding of Chapter 34. 


DEVELOPMENT As with a mystery story, the whole problem of the photoelectric effect 
is understood in a simple way once an adequate interpretation has been discovered. 

This is especially true of the energy distribution of photoelectrons from a metallic sur- 
face, compared with the constant electron energy seen ina cloud-chamber. In your 
development of the material of this section it will therefore be better to get to the con- 
clusion quickly, and then to understand the various intermediate steps in the light of 


the photon picture. 

COMMENT The photoelectric effect from a metal P 

that it is necessary to keep reminding students just exactly whic 

Ships are being investigated in each part of the experiment. 
1) The photoelectric current (the rate at which electrons are ejected) is proportional 


to the intensity of the light under all normal conditions. NO E dboor- 
Scribed here to check this fact, since it tells nothing new about light. ciné 
pected with the classical wave-model, and it is also an immediate conseq! 


photon hypothesis. 


lic surface is sufficiently complicated 
functional relation- 
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2) For constant light intensity, the total photo-electric current stops abruptly for 
wavelengths longer than the threshold wavelength. The implications of this fact were 
discussed in the previous section. 


3) For constant light intensity, and fixed wavelength, the ejected electrons have a 
distribution in energy (Figure 33-8). As discussed in the text, this complicating feature 
arises because the target is a solid, which can absorb some of the electron's kinetic 
energy as the electron escapes from its surface. The distribution in energy under ; 
these conditions thus tells us something about the solid material. It is only the maximum 
electron energy, however, which is simple to interpret, and from which the photon 
energy properties can be deduced. 


4) For constant light intensity, the maximum kinetic energy of the ejected electrons 
has a simple straight-line dependence when plotted against the frequency of the light. 
Moreover, the straight-line dependence has the same Slope independent of the material 
used, i.e. the slope is a property of the photons themselves. The interpretation of 
these results is that for light of a frequency v (where v = c, the velocity of light), the 
photons have energy hv, where h is a universal constant (of dimensions energy times 
time). This is then the relationship we have been searching for — the relation between 
the wave characteristics of a light beam and the unique energy carried by its photons. 


Section 6 — The Mechanics of the Photon; Photon Momentum 


PURPOSE To consider the order of magnitude of the energies and frequencies involved 
in the photo-electric effect, and to show that photons carry momentum as well as energy. 


CONTENT The numerical value of h, the slope of the straight-line graph, Figure 33-9, 


is obtained, and the energy carried by a photon of visible red light is calculated. Energy 
relationships become simpler when expressed in electron-volts. 


Detailed analysis either of the particle model or of the electromagnetic wave theory 
of light leads through the analysis of collisions of high-energy photons with single elec- 
trons, as seen in a cloud chamber. The momentum acquired by the recoiling electron 


is vectorially just the negative of the change in momentum suffered by the photon de- 
flected in the collision. 


EMPHASIS This section shows concretely the need for the momentum carried by radia- 
tion, particularly photons, and how it preserves the law of conservation of momentum 
first introduced in Newtonian mechanies. The relation between the momentum and the 
wavelength will later be generalized to apply to the motion of any particle. 


DEVELOPMENT Having in the previous section established the qualitative features of 
the revolutionary changes in our thinking about light, it is now necessary to acquire 
some familiarity with the numerical magnitudes involved. The final chapter will go 
much more easily if students feel able to handle the relationships of this section, and 
if they obtain some feeling for electron-volt orders of magnitude. Even if you have 


not been assigning many of the HDL problems so far, it will be wise to go through 
Problem 7 and 10, say, in class. 


We know from our earlier work with light that it exerts a pressure, i.e. momen- 
tum, so itis a logical necessity that photons do so. Here we see the experimental 
ag This will bring alive the whole photon concept; photons really act like par- 

icles. 

Students may want to know wh 
effect occurs. Baldly speaking, 
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decreases rapidly and becomes smaller than the probability for Compton scattering. 
Therefore if we look at photons of relatively low energy, we are likely to see photo- 
electric processes. If we look at photons of higher energy we are likely to see Comp- 


ton scattering. 


Here is à plausibility argument that may help you understand the general behavior. 
Photon absorption (leading to photo-electric ejection of an electron) is a very improb- 
able event. Compton scattering, in which a photon is absorbed and then reemitted, in- 
volves two such events each of about the same degree of improbability. Hence its oc- 
currence is much less probable even than photon absorption. It does happen at the 
energies of the earlier experiments. Unless apparatus is devised to look for it especi- 
ally, however, the much more probable photon absorption process will mask it com- 
pletely. As is described in the text, the situation changes as we go to higher and higher 
photon energies. The atomic binding of the electron is, in comparison, smaller and 
smaller, so that to the photon the electron appears to be almost free, and a photon can- 
not be absorbed by a free electron. A photon can only be scattered by a free electron. 
Thus at the higher ene rgies scattering becomes the more probable process. (For us, 
then, it is something like looking for the needles where there isn’t a lot of hay lying 
around. ) 


The statement made above, that a free electron cannot absorb a photon, will be 
immediately clear to the students if they attempt the graphical solution of the process 
in the context of Problem 16. An electron with momentum p = hv/c has a kinetic 


9 
energy p /2m, whereas the photon with this momentum had energy hv = pe. With 


the numerical data of Problem 16, hv =1.2 X10 electron volts, whereas p^ /2m - 
3.4 electron volts. It is therefore not possible for an electron to consume both the 
energy and the momentum carried by à photon. In photo-electric absorption the rest 
of the system (atom or solid) absorbs most of the momentum, and all the electron 
worries about is energy conservation. At the energies for which the Compton effect 
is actually observed one must use relativistic mechanies, as is mentioned in the text, 
but a similar result is obtained. 


COMMENT Since light pressure is SO small as to be extremely difficult to detect, the 
Compton effect is the experiment which is commonly used to demonstrate the momentum 
of light. The ‘6so-called’”’ light pressure motors often seen in jewelers windows actually 
operate by the heating of the residual gas in the evacuated jar. If you showed the film 


‘Pressure of Light in your study of Part 2, students can be reminded that they saw a 


demonstration of photon momentum in this film. 


In this section the electron-volt is introduced as the ‘natural’? unit of energy for 


talking about the photoelectric effect. When visible light is used, the energies of a 
photons turn out to be a few electron-volts. This is not pure coincidence. The vo t 


was chosen as the **practical' unit of electric potential n ui o: n "s iOS 
right si i :4ls in a chemical cell- Flashlight cell, 1.9 volts; 
ght size for talking about the potentials i vated in chemical reactions 


lead automobile cell, 2.0 volts. These potentials are gene 


ich i termost 
which invol n atoms and molecules of one or two of the ou 
ve the ae ted in the same sort of reaction — the move- 


electrons. Similarly visible light is genera i 
P lecule. It is not surprising that the 
ent of the outermost electrons of an atom or mole qup en dien 


energies are the same. Why this is visible light is, of course - 
but it is probable that light, to be visible, must make much the same kind of electro 
chemical reaction in our eyes. 


The expression p = hv/e is easy to remember, but the form p = b/^ will have more 


relevance to the remainder of the chapter. 
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Section 7 — Photons and Electromagnetic Waves 
PURPOSE To show how the wave model and the particle model of light fit together. 
EMPHASIS Descriptive material. A reading assignment should suffice. 


COMMENTS Electromagnetic waves of long wavelength (e.g. radio waves) are consti- 
tuted of streams of photons whose individual energies are so minute that detecting 
apparatus is insensitive to anything less than enormous numbers of photons. All that 
is seen is the average effect, and this is what the wave model describes correctly. The 
experiments with light which established the wave model were also of this kind. The 
graininess of light will usually not be seen, although special experiments prove that it 
is there, even for very long wavelengths. 


On the other hand, at extremely high energies, where individual photons are easily 
detected, there is usually no apparatus fine enough to examine their wave nature. A 
particle model gives most of the features. Our fundamental theory of photons must in- 
clude both extremes, and neither the wave model nor the particle model is adequate. 


DEVELOPMENT If you have been able to show the photon films after going through the 
first part of this chapter, this section is the place to summarize the new knowledge. 
The reconcilation of the rather complex, mysterious new picture of photons with the 
wave model, so laboriously justified in an earlier part of the course, is very necessary 
to maintain confidence! Problem 9 of HDL will help to put the point across. 


It will probably be best, however, not to go so far as to list all of the experiments 
performed, and precisely the information obtained from each. The main points to be 
retained are just that light sometimes behaves like waves, and sometimes like particles, 
but that the picture is more complicated than just either/or waves or particles. Do not 
belabor this point. We cannot explain it any more than we can explain why gravity exists. 
We learn that it does exist, how it behaves, and how to calculate what it will do in all 
events. The same should hold for light. Learn the facts experimentally; make a 


simple (!) theory that describes them; learn how to predict what light will do in all cir- 
cumstances. This we have done. 


Section 8— Matter Waves 


PURPOSE To present experimental eviden 


ce that particles (electron, helium atoms, 
neutrons) possess wave properties. 


CONTENT The section consists of the following sequence of ideas: 


1) de Broglie’s Speculation that particles have properties of waves whose wavelength, 
à, is related to the particle momentum, p, by the equation \ = h/p. This is the same 
relation that holds for light, with the same constant, h (Planck's const ant). 
2a) Detailed figures and explanations of experiments involving di i i -i 

; g diffraction (Figure 32-11) 
and interference (Figure 33-12) of light and electrons. Although the wavelengths are not 


eee Eee pe a M nel the patterns are closely similar, except for scale 
1 oglie's hypothesis is thus test p itati itativel 
pro n sted and proved qualitatively and quantitatively 


2b) Experiments with a 


erystal spectroscope 
| Pa Dp pe show that helium atoms and neutrons 


rence properties characteristic of de Broglie waves. 


EMPHASIS Very important for this and the last chapter. Treat thoroughly. 


i apter now presents the other half of the foundation 
for modern physics. That matter, indeed any particle, possesses wave properties will 


havior of light, since the idea of a par- 
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tonian mechanics is inadequate, and probabilities and wave effects take the pl. 

definite Newtonian orbits to which they reduce in ordinary experience. It shal E P 
sible to offset this feeling that particles cannot have wave behavior by pointing out the 
symmetry that this new knowledge brings to our picture of the physical world. 


The apparatus required for obtaining a suitable beam of electrons and investigating 
the wave properties, is very complicated and expensive (beyond most college laboratory 
equipment). The detailed figures of this section present the essential features of the 
experiments in adequate detail, however. The films on ‘‘Photons’’, and on the Franck- 
Hertz experiment (see Chapter 34) convey the atmosphere of comparable experiments, 
and the way in which the technical aspects are handled. With those films as supporting 
material, students will be readier to accept the phenomenon of matter waves from the 
evidence presented in the text. 


The compelling line of argument adopted in the figures in the text follows from 
juxtaposing results of light-wave experiments with the results of analogous experiments 
with electron beams. The results are closely similar, so we are led to conclude that 
particles of matter, in motion, exhibit wave-like characteristics. For most students 
this argument will be sufficient. A commentary on the figures, together with infor- 
mation about some of the detailed features of the processes involved in each case, is 
included in the comments. Your students should leave this section convinced that in 
some situations particles (all particles) show wave-like properties. They will spend 
the rest of the volume in seeing how this wave-nature of particles enables us to under- 
stand some of the hitherto puzzling features of atomic physics. 


COMMENT As with the photon arguments of the previous sections, the whole picture 
of matter-waves is much more convincing and compelling than any one small part. 
Avoid becoming involved in arguments about small details, but persuade the students 
to wait, and judge the evidence as a whole. 


Comment on Figure 33-11 This experiment involves diffraction by an edge. The physics 
of this situation is no more complicated than that of diffraction by a slit (Section 19-6). 
The ‘‘expected’’ pattern of light intensity (Figure 33-11b) may look surprising but is 
what results from a careful analysis. The waves tend to bend around the edge somewhat 
(as you can see in a ripple tank), so that the light intensity does not drop abruptly to 
zero. Interference effects cause the ‘wiggles?’ in light intensity, which gradually disap- 
pear as the distance from the edge of the shadow increases. The calculation of the light 
intensity, however, is much more difficult than in the case of the slit. We do not need 


to calculate it however. [Figure 33-11c demonstrates experimentally that light, whose 
behavior in simpler situations we understand, does just what is predicted by Figure 33- 
llb. The light pattern of Figure 33-11e could be reproduced in your laboratory with 
very little more trouble than for the Part I diffraction experiments. With a line source 
of the kind used there, a razor blade for an edge, anda ground glass screen, the dif- 
fraction pattern can be readily seen.] 


The real point of the experiment as presented here is contained in the very close 
similarity between Figures 33-11c and 33-11d. In this situation, electrons behave simi- 
larly to light. Note that the intensity patterns appear almost identical because the scales 
of the photographs have been adjusted suitably. The whole scale of the electron experi- 
ment must thus be altered. The edge must be much finer: the almost perfect edge of a 
crystal is used rather than the edge of a razor blade; and the distance from edge Se 
Screen increased. By varying the energy of the electrons, one can show that the scale 
of the pattern of Figure 33-11d changes in just the way suggested by de Broglie. 
Comment on Figure 33-12* This illustrates the result of an experiment Mt: 
qaerlerence of matter waves. AS with the diffraction Kin re um * d coal pde 
ngth of the electron waves necessitates using apparatus 


. -10 
that discussed in Part 2. The wavelength of the electrons is 086 X 10 ^ m, which is 
-5 
about 10"? of the wavelength of visible light. 
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The fact that one sees interference fringes after light has passed through a biprism 
should be acceptable to the students without much argument. The familiar conditions 
under which interference arises are reproduced by this apparatus: two trains of waves 
from the same source are made to cross. A screen placed in their path should show 
dark lines where the waves annul each other, and bright lines where they add to each 
other's effect. In any case, experimentally we do see the interference fringes with 
light (Figure 33-123). 


necessary to justify that the electrical apparatus of Figure 33-12b acts 
on Benya in 2 aimer SEN is similar to that in which a biprism acts on light. 
A more detailed picture of the electric field lines in the neighborhood of the wire Shows 
this in a qualitative way. The electrons have negative charge, so they will experience 
a force toward the wire. Particle trajectories are as shown, and the wave-trains which 


SS 


electrons 


electric field lines 


we now associate with these trajectories will bend so as to remain coincident with the 
trajectories. Thus by ray tracing we expect the device to act like a converging cylin- 
drical lens. The unexpected result is that we see interference fringes, proving that 
there is a wave property associated with the electrons. 


It is difficult to think of any ‘‘particle’’ ex lanation for this experiment. Variation 
y Pp p 


e a change in the fringe separation, so the phenomenor 
is a property of the electrons rather than of the apparatus. Even your most doubting 
students should begin to feel convinced. 


Note on Intensity Variation in Photographs. The photographs in Figure 33-12 show broad 


variations in intensity of the interference fringes. This is presumably due to diff raction 
of the whole beam by the defining aperture which, in each case, is the half of the biprism 


(double-slit interference). The distance of se 
on Md, where d is the size of the aperture, w 
fringe depends on the angle of the biprism. 


whole apparatus due to the difference in wavelength of elec- 
tron and visible light, the electron's “biprism’”? is considerably narrower than that for 
visible light. 


33-13 


Problems 17 and 18 involve a more detailed discussion of this experiment. Your 
better students will benefit from an attempt at those problems, and a class discussion 
of Problem 17b will be useful in making sure that the matter-wave idea is really going 


home. 


Comments on Figures 33-13 and 33-14. The purpose of these figures is to show that 
particles other than electrons (helium atoms, neutrons) also exhibit wave character- 
istics. For helium atoms (Figure 33-13) the important piece of apparatus is the sur- 
face of acrystal. (Helium atoms cannot easily pass through into the volume of the - 
crystal and re-emerge. ) This surface is a two-dimensional regular arrangement of 
atoms, each of which will be a source of scattered matter-waves. For neutrons the 
apparatus which scatters the wave is the whole volume of the crystal, since neutrons 
easily penetrate this particular crystal. The neutron thus encounters atoms arranged 

in a three-dimensional array. It seems clear in both cases that if the particles in the 
beam behaved in accord with Newtonian mechanics, they would be scattered by the atoms 
in more or less random directions. If the students will, on the basis of their experience 
with Part II, accept the fact that emergence of particles at only very special angles must 
indicate an interference of waves, then little more need be said. The results of each ex- 
periment (Figures 33-13c and 33-14c) show beautifully sharp variations of scattered in- 
tensity with angle. The conclusion is inescapable. Helium atoms and neutrons behave 
like waves also; the chances are that the wave description is fundamental in describing 
the motion of anything. Newtonian mechanics is an approximation. 


Details of the Interference Process Students who accept the above account will only 
be side-tracked by going into more detail about the actual methods used, and the inter- 
ference process involved. A close examination of the captions for Figures 33-13 and 
33-14 may stimulate awkward questions, however, and some of these points are dis- 
cussed in what follows. 


A diffraction grating for visible light is made by ruling closely-spaced valleys and 


ridges on a metal surface (for light, a few thousand lines per cm.). When a wave strikes 
d from each ridge. 


the grating, there will be interference between the wavelets scattere 


The scattered light will be a maximum at a point on the screen where the excepted 

in path length to each ridge is just equal to an integral multiple of X the wavelengt : 

The maxima will occur at the same angles as the maxima from interference due to two 
The maxima for a 


slits whose distance apart is equal to the spacing of the ridges. 
er. It is as though the sinu- 


soidal intensity variation of two S sharp diffraction 
pattern due we slit as wide as the whole grating. Thus all of the light that den ae 
grating is concentrated in very narrow regions whose angular lapsi depen ja m 
wavelength. That is why gratings are used in spectroscopes for investigating 
stitution of light which contains a mixture of wavelengths. 


For the experiment of Figure 33-13b, regularly spaced rows of en p m 
of the rulings on an ordinary grating. (This is he oniy way A e the Music layer 
in spacing to the wavelength of the helium atoms.) In Figure 33-13b, Mtas otn» di- 
of atoms produces the central spot. This spot corresponds to the pt located that 
ference in path length to and from any of the scattering atoms. rms n PIRON 
the angles of incidence and reflection are equal. (Asa matter A a ust such an 
S of reflection of geometrical optics can be viewed as the result 0 j 
nterference effect.) cattered 
ae QE 
Longitudinal 
Rows producing 
spots A, B. 


Zu Transverse d 
Rows producing vertically 
displaced spot. 
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Constructive interference at A (and B) arises from superposition of waves Scattered 
to À (and B) by atoms in adjacent longitudinal rows of atoms. The path difference to A 
(or B) from two such rows is à. The array of atoms, however, has another set of 
regularly spaced rows, those marked transverse in the figure. The Spot above the cen- 
tral spot corresponds to a path difference of X from the source, via successive transverse 
rows. The pattern on the screen is thus a two-dimensional one of Spots of light, rather 
than one-dimensional bands of light, as with a ruled grating. 


With helium atoms, which cannot penetrate the volume of the crystal, the only inter- 
action is with the surface layer of atoms. With neutrons, however, which easily travel 
through this particular crystal, a very special kind of constructive interference involving 
the whole volume of the crystal is needed to get any scattering at all. The maximum 
amplitude of the wave scattered from any particular plane of atoms will be in the direction 
of the central spot of Figure 33-13b, but even it will not be very big, because the indi- 
vidual atoms do not scatter neutrons Strongly. For very special angles of incidence, 
illustrated in Figure 33-14b, the amplitudes corresponding to the central spot, arising 
from all planes of atoms, will be in phase. The scattering will be the coherent sum of 
scattering from all of the atoms in the crystal. The experimental result is illustrated 
in Figure 33-14c. There will, for certain wavelengths, be other angles at which con- 
structive interference from the whole crystal can occur. The Situation is just an elabor- 
ation of the one we have here. The angles of the emerging beams give important infor- 
mation about the structure and dimensions of the crystal. 


Section 9 — When is the Wave Nature of Matter Important? 


PURPOSE To see, quantitatively, when the wave nature of matter is important, and to 
reconcile it with our everyday experience. 


EMPHASIS It is important that students catch their breath here and digest this material. 
Much of the significance of the chapter would be lost if this section were Skimped. 


CONTENT For various ordinary motion problems the appropriate numerical values for 
A, h and p, are inserted into de Broglie's relation, \ = h/ p. In these situations, the 
masses are large, so that even for the small velocities usually encountered, p is tre- 


mendous on an atomic scale. Thus A will almost always be so minute that any easy 
observation of the wave properties is impossible. 


Electrons, with velocities characteristic of atomic phenomena (about 109 m/ sec) 
have wavelengths of the same order of magnitude as atomic dimensions, (This is, of 
course, not an accident. See COMMENT on this section.) Thus wave properties of 
electrons are important in atomic physics. A ripple-tank picture of waves encountering 
obstacles (Figure 33-15) illustrates how the relative sizes of wave and obstacle de- 
termine how the wave will be affected by the obstacle. 


Similarly protons and neutrons with energies characteristic of nuclear phenomena, 


have wave properties which are important in encounters with nuclei. 


Neither of these kinds of phenomena are readily observable in a direct way. One 
has to perform experiments of great complexity to see the wave properties. 


DEVELOPMENT After exposure to the wealth of fresh factual information that has been 

presented in Section 8, this section will be useful as an aid to assimilation. Applying 

de Broglie’s relation to familiar Situations, as is done in the text, will bring home the 

Sp of magnitude of distances, energies, etc. involved in quantum mechanical systems. 
or example, what is the wavelength of an automobile traveling as slowly as can be 

measured? Can a batter blame the wave-nature of the baseball when he fails to connect? 


How important are the wave effects of ato i 
ms in a gas? wh 
the wave nature of matter was so hard to detect. T E nee vis 


Any theory of the wave-nature of 
particles must have the property that when the 
particle wavelength X becomes very small compared with the significant dimensions of 
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the problem (the size of the scatterer, for example) the results predicted must be 
exactly the same as those obtained by classical mechanics. We know this must be so, 
because experiment shows that ordinary-sized objects do obey Newtonian mechanics. 
The requirement that the new wave theory must correspond to classical mechanics where 
X is negligible is a very important check on any new theory that is suggested, and in 
quantum mechanics it has been very helpful in deciding which avenues to follow. 


For those of your students who have forgotten some of the characteristics of wave 
phenomena as discussed in Part 2, and for those who by now would like to see something 
real", some ripple-tank demonstrations on the scattering of bodies of various size 
may be refreshing. Students might better understand the importance of the ratio of 
wavelength to size if you could reproduce the results illustrated in Figure 33-15, and 
the intermediate cases. Demonstrations illustrating some of the other phenomena of 
Section 8 are possible with the ripple tank, but they are rather difficult, and are likely 
to take more time than they are worth at this stage. 

COMMENT That electrons with energies characteristic of atomic phenomena ~ à few 
electron volts — have wavelengths comparable to atomic size is no accident. In Chapter 
34, the properties of atoms are examined using the hypothesis that the atomic electrons 
move in a way governed entirely by wave dynamics. Atoms are the size that they are 
because they contain electrons, and electrons with energies of a few electron volts have 
just that wavelength. The same is true, with altered numerical values, for protons and 
neutrons interacting with nuclei. 

Problem 21 is background material for Chapter 34, so it will be helpful to have your 
students work on it. 


Section 10 — Light and Matter 
PURPOSE To tie together the new picture of matter and the earlier work on light. 
CONTENT For both material particles and photons: 
a. Energy and momentum are conserved in every individual event. 


b. Waves determine the probable location. 
c. When X is small compared to other relevant dimensions, a Newtonian approxima- 
tion can be used. 
d. When ^is comparable to other relevant dimensions, 2 Newtonian approximation 
is not adequate. 
Despite their similarities, photons are distinguished from material particles by 
the ease with which they can be created and destroyed. 


EMPHASIS Easy, descriptive material. Reading should suffice. 


COMMENT We are now at the stage where the symmetry between the modern pictures 
of light and matter has been shown. These classically completely distinct entities both 


behave in similar ways. For example, all of the results and implications of the Taylor 


experiment on photons (Section 3) apply equally to electrons. The interference pattern 


of Figure 33-12 is painted by even the lowest intensity electron beam. EWE can never 
tell, when we fire an electron into some apparatus, exactly where it will appear at the 
other end. The shaded pattern of light and dark bands calculated by the matter-wave 


theory only predicts where we shall probably find it, (on the average). 


All of this is true for light, too. But photons themselves were a new phenomenon, 
anyway, so it is hardly surprising that they do not behave in an accurately determinable 
way. With electrons — particles of matter — this is a radical departure from the com- 
fortably certain Newtonian mechanics of Part 3. It has been, and still is, a cause for 
discontent and speculation among philosophers and a few physicists. At present, how- 
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ever, the only mechanics we have — quantum mechanics — predicts the probability pat- 
tern of any given experiment, but can say no more about any individual trial and its 
outcome. 


The following remarks are more for the teacher's information than for the Student's 
instruction. It is fortunate that some problems involving the wave properties of elec- 
trons are amenable to wave arguments of the kind used in Part 2. Chapter 34 is con- 
cerned with these, and a good plan at this stage is to minimize the philosophy, and move 
on to useful calculations which will reinforce the belief in the matter-wave theory. 
These comments have been included for use in answering searching questions as and 
when they arise. 


Particles and Photons We have seen that some of the properties of particles are the 
same as some of the properties of light. The similarity is in some cases remarkable. 
It is difficult to show the particle properties of electromagnetic radiation, and difficult 
to show the wave nature of particles, at least with ordinary laboratory apparatus. But 
let us be careful to make a fair comparison: between photons and particles of the same 
wavelength. For the electrons which made the interference pattern of Figure 33-12, 


X= 8.6 X i m. A photon with that wavelength has an energy of 20,000 electron volts, 
and X-rays with this energy exhibit quite marked particle-like properties in atomic 


collisions. But the photon and the electron, each with X = 8.6 X io 1? m, are distin- 
guishable. For one thing, an electric field will deflect the electron, but not the photon. 
The electron has a charge, the photon is electrically neutral. They are different. So 
let us compare photons and neutrons..... We can go on in this way, comparing the be- 
havior of photons with that of all the other particles we know about. There will always 
be some experiment which shows a difference between them. A photon is one kind of 
entity; we can callit a particle, provided we do not take that word in its classical sense. 
There are many other kinds of particles whose properties have been ascertained by 
experiments, and they all differ in some respect, although sometimes the differences 
are very small and hard to detect. One marked way in which photons differ from all 
other particles is in the ease with which the less energetic ones can be created. Com- 
pare a light bulb, which is creating many photons with wavelengths in the visible region, 
with an electrical circuit. In the circuit, passage of electrons is observed. You can 
never observe effects unless you make a continuous circuit for current to flow around. 
Electrons cannot be created at one end of a wire and destroyed at the other, producing 

a current. Their number stays constant. On the basis of what we have seen in lab, this 
is then a very marked difference between photons and electrons. The other particles 


we have met — neutrons, protons, helium atoms — share the electron's property of being 
conserved in ordinary situations. 


It is in fact possible to create electrons, neutrons, protons, etc. Readers of 
popular science magazines may have encountered anti-matter: anti-electrons (called 
positrons), anti-protons, anti-neutrons. It is not possible to create a single electron, 
for example, but a pair consisting of an electron and a positron can be created, pro- 
vided the right conditionsexist. A positron is a quite different particle from an electron -~ 
it has the opposite electric charge. More important, on meeting any other electron, 
both of the particles disappear, leaving behind energy in the form of photons. To under- 
Stand the situation one needs Einstein's theory of relativity, but the facts are as follows. 
For the creation of a pair, an amount of energy equal to their combined mass times the 
Square of the velocity of light is needed. Even for such light particles as electrons, 


an electron-positron pair requires an energy of 10° electron volts. So it is not easy to 
create particles. On the other hand, photons can be created singly, and the creation of 
a photon with wavelength in the visible region requires only about two electron volts of 
energy. With the right experimental arrangement, such photons are quite easily created; 
a light bulb does quite well. So in the distinguishing feature mentioned \n the text, the 
emphasis is on the ease with which photons can be created. The anti-particles, by the 
way, are not only hard to create, they are very easy to destroy. That is why one does 
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not encounter them in ordinary situations. The particles with which they annihilate are 
present in great abundance in ordinary matter. 


Section 11 — What It Is That Waves 


EMPHASIS Reading only. 


DEVELOPMENT We have met waves, in the ripple-tank for example, as a type of 
disturbance of a system. The system, or substance, has many other measurable pro- 
perties. We now know about electromagnetic waves, and matter waves, both of which 
are propagated in a vacuum. It is natural to ask about other properties of the vacuum, 
and to think that perhaps it has properties like those of our well-known wave carriers 
(the water surface). But there is no need for such properties to exist. The vacuum 
has the property that it can carry electromagnetic and matter waves, and that is 


sufficient. 


COMMENT The attitude among most present-day physicists toward this question is 
described in the text. It can be elaborated as follows: The theories of light (electro- 
dynamics) and of atomic particles (quantum mechanics) are complete mathematical 

and physical schemes, SO far as they go. The result of any proposed experiment can 
be predicted by them, and that is what we want of any theory. The quantities in terms 
of which the theory is formulated — electric field strengths, say, for electrodynamics, 
or ‘‘probability amplitudes'' for quantum mechanics — exist (i.e. can be non- zero) 
throughout all space. These are the quantities we manipulate — the field strength or 
probability amplitude — and the «vacuum" is just the name we give to all of empty space. 
It is not an entity in our theory. Its properties are solely that it can support these field 
strengths or probability amplitudes. Nothing more need be said of it in order to use 
electrodynamics or the quantum theory of particles. Whether or not the ‘‘vacuum’’ 

has other properties is at present not known. Are there other kinds of waves which 

can be propagated through a vacuum, waves associated with phenomena which have been 
so far undetectable? Are there measurements which can be made which involve the 
vacuum in a more active way than those we know how to make? There could be. Future 
Scientists may find such things. We don't know. 


Nonetheless, students will be puzzled by the question ‘‘What is it that waves? i 
The only examples of wave motion that they have encountered occur in systems wi s 
many other properties, and it is natural to wish to transfer all attributes of the models 


t . Clearly, in using a model you have to know where 
d eee "s Any answer of this kind is some- 


the similarity between model and actual system stops. 
what unsetisiy ie unfortunately, until the students understand and can work with the 


3 will then no longer need models, and will 
ay CEN sleat i qeu waves?’’ does not have to be answered 


gradually realize that the question «What is it that 
in order to understand all that we know at present about the universe. 
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Chapter 33 — Photons and Matter Waves 
Answers to Problems — For Home, Desk and Lab 


The following table classifies problems according to their estimated level of difficulty 
and the sections with which they are intended to be used. Those which are especially 
suited to class discussion and those which are home projects are indicated. Problems 
which are particularly recommended are marked with an asterisk (*). 


Section Easy L De Discussion Home Projects 
6*, 9, 10, 11, 12+ 

sul misc ib 

IE 


pu pun 


+ Problem 12 deals with the material of Section 6, but some students will need tech- 
niques described in Figure 33-14(b) to solve it. 


SHORT ANSWERS 


j; 


1, An experiment. 11. (a) 4.0X 10 joules; 
2. (a) 36. 1.8x10? kg-m/sec. 
x. i (b) 2.5 x 101? photons/sec. 
: -11 
(d) An experiment. i (e),6.5 X10 ^ newtons/m . 
(e) Expect 1/6 for sevens and í Ds. 
1/36 for twos. 12. 10 ev, or2X10 ^ joules. 
A home project. 13. (a) See discussion. 
: (b) 0.62 A. 
4, 20, 14, 9, 5. About 3 in the 15 
next section. 14. (a) 4.0X10 “joules. 
5. (a) 2 seconds. '" (b)8.0X 107 sec 
(b) 2 seconds. (c) 240 meters. 
6. Graph. See discussion. (d) 200 trials. 


14 (e) About 10? trials. 
(a) 4.6 X 10 NO fic 


Sd 


-6 
15. (3)5X10 joules. 


(b) 3.0 x 10^ 1? ioules. “10 
(c) 1.9 ev. (b) 1. 7 X 10 
(d) 4000 to 7000 A, 3.1 ad 1.8 ev, (c) Thermal energy. See: discussion 
Ee respectively. 16. (a) See tees cm 
9, 0.5 v . 
5 volt (b) 6.62 X UM EOS -m/sec. 
9. (a) 6.6 X 10 78 joules. (c) 4.66 X 10 1 “joules. 
(b) 1.5 X 107? photons/sec. (a) 1.94 X 101? joules. 
(c) 3X 1014 photons. (e) By 2.5 per cent. 
(d) No. 17. (a) 36 em. 
10. (a) 3.7X 10° joules; 12.3 joules per (b) No difference whatever. 
degree. 18. Spacing reduced to 1/10th of its 


26 
(b 1.9 X 10 photons. original value. 
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3 -26 


19. (a) 2.85 X10 7m, 2.85 20. (c) 1.0 X 10 ev. 


a -3 
2.85 X 10 ?m. (d) 4.7 X 10 9 m, 
(b) Larger, about the same, smaller. 


(c)i. 10 eutrons 21. (a) 3.14 X iac anéters. 
c) i. -evn s 


$ (b) 15 ev. 
ii. 10 -ev neutrons. (c) -29 ev. 
(à) 105-ev neutrons. (d) 14.5 ev. 


A (e) 14.5 ev. 
20. (a) 0.31 A, 
(b) 1600 ev. 


OBLEM 1 Take the instructions from Section 33-2. Carry 
ER out the experiment with cards marked L, C, and 
R, and makea graph like Fig. 33-4 (c). (Youcan 

use any distinguishable cards.) 


There is an alternate, somewhat more convenient, technique for performing this home 
experiment. A good deal of time is required to shuffle the cards each time. A faster but 
equivalent method is to put six marbles of one color, three of a second color, and one of 
a third color in a can or box. Draw one, record the color, return it to the box, shake; 
draw again, record the color, return it to the box, shake, etc. This goes faster than 
shuffling cards. p 


If a number of students each do the same experiment, their results can be combined. 
The totals should then give ratios closer to the ideal 3:1:6. This will help to illustrate 
how the pattern becomes more regular as the number of trials increase. 


PROBLEM 2 ; * Makea table showing the various ways the nura- 
bers can come up when yov throw a pair of dice. 
(Assume you are using one green and one red die.) 
The table might start like this: 


Green die Red dic Sum 
1 i 2 
E. 2 3 
2 i 3 


(a) In how many different ways can they come 
up? 1 

(b) In how many of these different ways do the 
numbers add up to 7? 

(e) In how many of these different ways do the 
numbers add up to 2? 


(d) Actually throw a pair of dice a number of 
times. Record the number of times you throw, 
the number of 7's that come up, and the number 
of 2's — always using the sum of the spots on the 
tops of the dice. Watch the distribution build 
up in your record. a 

{e) From your record compute the fraction 

Number of throws with 7 


Total number of throws 


and the corresponding fraction for throws total- 
ing 2. Compute the values you would expect for 
these fractions from your answers to (a), (b), and 
(c). Compare your experimental fractions with 
these expectations. 
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The following table lists all possible combinations of two dice: 


Green Red Sum ~ , Green Red Sum 
die die die : die 
RENE I oe EE ROUTE Tie ga Levees clon NOT UE 
1 1 2 4 
i 2 3 4 7 : : 
1 3 4 4 3 " 
1 4 5 4 4 8 
1 5j 6 4 5 9 
? 6 7 4 6 10 
2 1 3 5 1 6 
2 2 4 5 2 " 
2 3 5 5 3 8 
2 4 6 38 4 9 
2 5 7 5 5 10 
2 6 8 5 6 11 
3 1 4 6 1 7 
3 2 5 6 2 8 
3 3 6 6 3 9 
3 4 y) 6 4 “10 
3 5 8 6 5 11 
3 6 9 6 6 12 


a) From the table it can be seen that the dice can come up 36 different ways. 


b) The number 7 appears in the ‘‘sum’’ column 6 times. 


c) The number 2 appears only once in the ‘‘sum’? column. 

P 
d) A home experiment. : 
e) Ideally, you would expect E 


it can be shown that in 600 tries, there is about a 70% probability that the combination ''7"' 
will come up somewhere between 90 and 110 times, and there is about a 70% probability 
that the combination ''2'' will come up between 12 and 20 times. As with Problem 1, the 
results of several students can be combined to obtain ratios closer to the ideal ratios. 


- i for sevens and 5 for ‘snake eyes”. Theoretically, 
Gi een BO RE € 


PROBLEM 3 + [n the usual pair of cubical dice, each dic has 
six sides labeled with one to six spots. See how 
many times you have to cast one die in order to 


feel confident that each side comes up with, equal 
\ probability. (Don't expect a simple answer. ) 


This is a home project of indefinite duration. Increasing 
f showing that each side comes up with equal probability. Thus, 


It can be shown that the probability of every side coming up 


between 15 and 25 times in 120 throws is only about 15%. 
f results can be combined to ‘‘get better 


As with Problems 3 and 2, several sets 0 
statistics’’. 
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PROBLEM 4 Look at Fig. 33-6. Divide the photograph into 
four equal sections along the beam of photons, and 
count the number of photo-electrorfs ejected in 
each section, Make a rough prediction.of the 

5 number you would expect in one section more to 
the right. 


The importance of this problem is that it illustrates the randomness of photo-electric 
events, this is the purpose to be sought, not simply a good value for the number of par- 
ticles in the next section of the photograph. 


Depending on how some of the tracks are separated from nearby ones, and on what 
are counted as photo-electrons and what are counted as blemishes in the photograph, 
sequences of numbers of photo-electrons in each section can be: 20+ 2, 14+3, 941, 
4+1. This is something like a geometric series, each term of which is 2/3 of its pre- 
decessor, On this basis, the number of photo-electrons in the next section might be 
expected to be 3. The point is that thé number of collisions does decrease by about the 
same fraction in each equal length. This is what we expect for random hits. It is in- 


structive for students to graph their counts and to obtain a solution by extrapolation of the 
curve thus obtained, 


PROBLEM 5 Suppose you are experimenting to find out 
whether light behaves as a stream of bullets or as 
continuous waves. You place a small electric 
lamp several meters from a photocell. The photo- 
cell is a glass tube containing a sensitive photo- 
electric surface and a collecting rod in a vacuum. 
Any electron ejected from the surface is driven 
across to the collector by an electric field and an 
amplifier is arranged to show the collecting of 

e single electrons. Suppose you reduce-the light 
falling on the photocell to an ‘extremely faint 
stream by introducing a number of pieces of 
blackened photographic film. (A film that has 
been exposed to light and developed will transmit 
only about one-hundredth of the light falling on 
it. Then how much would be transmitted by 
three such films placed one after the other?) You 
first run the experiment for an hour and count 
the number of electrons collected. You find that 
with the very weak light you have provided, only 
1,800 electrons have been collected. Thus the 
stream of light received in one hour is able to 
provide the energy to eject 1,800 electrons. 

(a) In how much time does the stream bring 
enough energy to eject | electron from that sensi- 
tive surface? å ; 

Now suppose you start with the apparatus in 
complete darkness. (If the collecting system 
records any electrons, they are strays or "back- 
ground effects" due to unwanted events in the 
apparatus. You should subtract an allowance 
for that background in any measurements you 
make. Turn on the weak light suddenly, and 
notice how long it takes until an electron is ejected. 

(b) If the light consists of a smooth stream of 
waves, how soon after iurning on the light would 

^ you expect to see an electron ejected? 

(When such an experiment is actually done and 
repeated many times, on some occasions an elec- 
tron is ejected at about the time you have just 
calculated, but on some occasions much later, 
and on other occasions very much earlier — 
almost immediately.) 
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This problem involves questions about the Taylor experiment, requiring only very 
simple mathematics to bring out the principles involved. Each film reduces. the intensity 
of light incident on it by 1/100th. Thus three films of the kind described will reduce the 


3 » 
light by a factor of (1/100) = 10 Only one millionth of the light gets through. 

a) If the light brings enough energy to eject 1800 electrons in one hour, then in 1/1800th 
of this time, i.e. in 3600/1800 = 2 seconds, the light would bring, on the average, enough 
energy to eject one electron. 

b) If light were a smooth stream of waves, following the conclusion of part (a). you 
would expect an electron to appear two seconds after the light was turned on. However, 

a particle model predicts that some extremely short-time emissions wil occur. They 
are actually observed in the first “Photons” film, for example. : 


Copy Fig. 33-9 in a rough sketch. with any scate 
youlike. Draw another graph with the same scale 
for a different photoelectric surface, for example 
a metal thet requires two or three times as much 
energy to remove an electron. 


PROBLEM 6 


curve for hypothetical 


substance with much 
^— 5 larger energy required 


to release electrons 


curve for 
copper 


1 379 4 5.8.7 g A^ 10 11 12 13 14 15 
«4 
^ Paa frequency, 1014 cycles/sec 


cut-off potential difference 
-19. 
10 ~ joules/elem chg 


~ 


All of the photoelectric straight-line graphs have the same slope. If three times as 
red to remove an electron from some given metal as is required for 
copper, then the frequency of light which will just remove electrons from that metal is 
three times higher than the corresponding frequency for copper. The threshold frequency 


for copper was shown in Figure 33-9 of the te 


a curve for which the threshold frequency is 10 X 1014 cycles/sec. 


PROBLEM 7 Red light has a wave length of about 6,500 ang- 

stroms. 

(a) Estimate its frequency. 

(b) Estimate the energy in joules of one photon 
of red light. 

(c) Estimate the energy in electron volts of one 
such photon. 

(d) Find out ap roximately the longest and 
shortest wave lengths you can see, and compute 
the energy of the corresponding photons. 
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VIAE 8 ? | 
y M m sec 3x /sec 
a) v= 3X10" m/sec _ 10 m/sec _ 


— = 7— - 4.6 x 1901* eycles/sec, 
6,500 A 6.5X10 “m 


b B= hv = 6.610 apu eg oe Ji. cycles/seo = 9.0.5 10 ^ joule. 
c) E= 3.0« 107) jones X—— Le 219v. 
1.6 X10 joules 


n 9 906 
Or g = 42,397 _ E = 1.9 ev. (See the box on page 597 of text.) 
d) You ean see light of wavelengths from 4000 A (violet) to 7000 A (red). 
Using the fact that E = hv = Re, we can set up a proportion to find the energies of the 
4000 A and 7000 A photons from the energy of the 6500 A photons computed above, 


P7000 _ 6500. 


6500 

Por E UR X——— = 1.8 ey. 
E6500 7000 7000 7000 === 4 
P4000 _ 6500 6500 
È —, E (000 - 1.9 X 1000 ^ -i ev. 

6500 4000 
5 i 
PROBLEM 8 Light of 5,000-angstrom wave length illuminates 


a surface. What voltage is needed to stop all the 
photo electrons emitted from the surface if their 
binding energy to the surface is 2.0 electron volts? 


The energy of the 5000 A photons is E = eT = 2.5 ev. 


(See Problem 7 or the box 


^ typical FM radio station broadcasts with a 
wave length of 3 meters. Estimate: 
(a) the energy in one photon of this radiation. 
(b) the number of photons broadcast per sec- 


PROBLEM 9 


G) the radiation spreads uniformly in al} 
directions along radii from the source so that an 


(ii) the Feceiving antenna collects radiation 
from an area of | meter: perpendicular to the line 


(ii) the sound of the letter y" involves air 
oscillations of frequency about 4,000 Cycles per 
second.) 

(d) Will you ordinarily notice the individual 
D photons in receiving the letter "s"? 
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-34 8 
2 _ 6.6 X 10 x3X10 . -26 
a) Gaye hee om, ee = 6.6 X 10 joules: 
hoton carries 6.6 X 10728 joules, __ 10 jouer —— oule? =1.5X 1929 


each p z 
ida 4 6.6 X 10 26 ioules/photon 
photons are required to produce 10 joules. Consequently, 1.5 x 1029 photons/ sec are 


required to produce 104 joules/sec (10 kilowatts). 
c) An antenna that collects the energy from an area 
AL of the transmitter’s ener 


- 10 
4n X 10 
py arguing that when the radio waves get out to a radius of 100 km, their total energy is 
ea equal to the surface of a sphere of 100 km-radius. A= aR” = 4m X 
ea of 1 m. will capture a fraction equal to 


1 Sh at a distance of 100 km 


from the transmitter receives gy. This can be shown 


spread over an ar 
10 n2. A portion of this surface with an ar 


10 m 
1 E 29 
———Àsg 3 of the total energy. The receiver gets this fraction of the 1.5 X 10 photons/ 
4rx10 m 1 29 18 
gec emitted by the transmitter, OT RES desc AS d URS LES 1.2 X10 photons/ sec. 
x10 
One vibration of the sound ^g? lasts 956 gec; 80 dio sec X 1.2 X 10)? photons/ sec = 


1 
3 X10 : photons arrive at the receiver during one vibration of the letter 5. 


d) You would not notice one photon in 10141 


(a) Find from paft II of this book the average 
kinetic energy of center-of-mass motion of a 
mole of a monatomic gas at room temperature, 
and its increase of energy when its temperature is 


raised 1°C. 


PROBLEM 10 


(b) Suppose photons of 3-meter radio waves 
are given to the gas molecules." How many would 
raise the temperature 156 
a) From page 430 we Eng that the average kinetic energy of one molecule is given by 
E, 7 3/2kT 22.00 X10 T. Thus the energy of one mole of a gas, i.e. of 6.02 X 10. 
energy when the 


mulecules, is 2.05 X 10 7 T X 6.02 X 1023 = 12.3 T joules. The change of 
temperature is increased one degree Centigrade is 12.3 joules. At room temperature 


(about 300° K) this energy is 3.7 X 10° joules. 


Therefore, it akes —— p =1.9% 1929 photons to raise the tempera- 
6.6 X 10 joules/photon 39 wre 


ture of a mole of gas by 1°, Even one molecule will take, on the average, 33 
"t be noticed in this situation ! 


310 photons. The graininess of radio waves won 


PROBLEM 11 (a) How much energy i5 carried by an "average" 
hoton of visible light with wave length of about 
momentum? 


5.000 angstroms? How much 

(b) Estimate the number of photons of visible 
light emitted per second from a 100-watt light 
bulb emitting | per cent of its power in the visible 


region. : i 
(c) What is the light pressure exerted by the 


hotons from that bulb when they strike a black 
body 2 meters away head-on? 
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This problem asks for the calculation of the pressure of light which was discusseg 
in Part II and in the film ” Pressure of Light” 
DERI OBS 66x10 ote M hc 4.0 X 10 19 joules, 
5000 X 10 
P= E T4OX10!/) N 34« Tcu AN 
3.0 X 10 
Alternatively 
p-h26,6x197* L 1.3 x 197277 kg-m/sec. 
we phe LU 
5000 x 19710 
b) One percent of 100 watts, or one watt, is emitted in the visible region. One watt is 
one joule/sec, so the number of visible light photons emitted Per second is 
: 1 joule/sec 


— —ioue/seo O = 2.5 x 1918 photong/sec. 
4.0 X 10 joules/photon 


^ 271g Hence- x 2.5 X 1918 photons per Second strike the area A. Each photon 
4nR2 167 167 


carries 1.3 x 10:27 kg-m/sec of momentum, so the total momentum imparted to the area 


A each second ig im X2.5x109 x13 x 19:27 kg-m/sec?. Now the momentum gained 


by an object in a given time is called the impulse, (See Part TM) and equals th 
force acting on the object multiplied by the time, of Ap = FA 


&8x10 1 4A p The pressure 


P= t =6.5x10 M newtons/m?. (Compare this with the-atmospheric Pressure, about 


PROBLEM 12 The layers of atoms in crystals are known (from 
density and Avogadro's number) to be a few 


e average 
t. Hence, in this case, 


From Figure 33-14(b) of the text we see that \ = 


2d sin 6, and sin 10° & 17. 
Therefore A= 2 x 3x 107198 x 0.17 = 1x 190710 


is m 1 Angstrom unit. The photon 
= 8 
sr .6x E 
energy is given by E = hv = hy = 35% 10 = X10 Xor 2X19715 joules, or 
Y 1X10 
2x 19715 


Bo Mt 


-19 X electron volts, 
1.6 X19 


PROBLEM 13 In a particular X-ray tube electrons hit a target 


(a) Why is-there a definite minimum wave 
length of photons observed from this tube? (This 
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Since each X-ray is generated by a single electron, the maximum energy that a Á P d 
single X-ray can have is equal to the kinetic energy the electron gives up as it is dez; ^ j 
celerated to & stop in the target. To this maximum energy corresponds a maximüm 


frequency of the corresponding light: hv iae E , and since V = c/ ^, tov 
Hu max $ , max 
there corresponds a minimum wave length V nax 7 c/* min Any smaller wavelength 


would give @ higher frequency and therefore a larger photon energy than is available. 


b) (Ej max = 20 000% 1.6% 10719 = 32x10 1? joules. So: 


heel -15. 
bY ex a = 3.210 joules, and 
ain" uu y -6.6x10 04 xa x10? = 
g max 3.2 X 10 19 


Working in units of electron volts and angstroms, we could write, 
(Ex) ma^ V6 A NOM ev ‘ 


_ 12,397 _ 12,397 . 
20,000 LATE 


PROBLEM 14 In the three-mionths experiment described in Sec- 
tion 33-3, G. J. Taylor estimated the energy 
of the light reaching his photographic plate. He 

found it was 5 x 10-!? joules per second. (He 
obtained that value by comparing the average 
blackening of the plate with that produced in 10 
seconds by a candle 2 yards away, without any ab- 

sorbing screens of smoked glass.) From that 
estimate, calculate the average distance between 
hotons, as follows: 

(a) Assume the wave length of the useful light 
was about 5,000 angstrom units. What energy 
did each photon carry? 

(b) Calculate from the given flow of energy 
the average time that elapsed between the arrival 
of one photon and the next. 

(c) From the average time, calculate the 
average distance between one photon and the 
next in the beam of light. 

(d) If you were asked, "How many photons 
are in the box at any chosen instant?" you would 
have to answer *None, most of the time, but on 
looking again and again and again, you should 
expect to ‘see’ one photon in the box about once 
in so many trials; How many? Assume the 
box was 1.2 meters long. 

t (e) On the same basis, you might expect to 
“see” two photons in the box about once in how 
many trials? (All we want is the order of magni- 
tude.) 

: 6x10 24 x ax 1o 
a) If S7 5000 A, the energy of a simple photon is E=hv= A ees Gn km 
4.0 x 10 9 joules. 5000 X 10 


b) If there were 5 X 19719 joules/sec arriving at the photographic plate and there are 


-19 , x10. 6 
4.0 x 19 1? joules/photon, then there must have posi as = 1.25 X 10° photons/ 
4.0 X 10 a 
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D 


sec hittihg the plate. This means that, on the average, there was 1/(1.25 x 108) = 
8.0 X 107" Sec between arrival of successive photons. : 
—— SES 


€) Since photons in air travel at 3 X 10° m/ sec and they arrive, on the average, 

8.0 X 1077 Sec apart, if the beam were in Space, the photons would be Separated by 8.0 x 
-7 8 - 

10 secX3*X10"m/sec = 240 meters. 


e) Very few students will have the background to come up with the exact answer to this 
part. An answer can be approximated by the following almost correct argument. If you 
look in the box many times you expect to see a photon only once in 200 looks. When you 
do see one photon, what is the chance that you will see a second one in the box at the 


chance that, having seen the first one, you will also See a second one, or 1/200 x 
1/200 = 1/40,000. The correct value is 1/80,000 for a rather subtle reason. 


` The problem can be viewed ag follows. The probability is that 1 out of 200 photons 
Should be paired with another, but whenever such a pair is found it comprises two paired 
photons. (Each one is paired with the Other.) Thus to keep the 1/200 probability for a 


is 1/10. However, the most important number for the result of the experiment is not 
1/109. Only photons affect the film. **No-photons'* produce no effect. Thus, for the 


stream reaching the object carries energy to it at 
à rate of 3,000 watts. “Calculate the momentum 
reaching the object in 10 seconds. (Assume, if 
you like, that the stream of radiation is a shower 
of photons.) 

(a) Assuming that momentum and energy are 
conserved, calculate the kinetic energy acquired 
by the object in 10 seconds, starting at rest. 

(b) What fraction of the total energy received 
by the object becomes its kinetic energy? 

(c) What happens to the rest of the energy re- 
ceived by the object? 
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E - hv, and its momentum is hv/c = E/c. For any photon, 
independent of the energy. So for any stream 

of photons, and thus for any 8 agnetic waves, the momentum carried 

is 1/c times the energy carried. From now on, therefore, We do not need to talk of 
All we need 8$y is that since, in this problem, the energy absorbed in 10 

d X 10 seconds = 3x10^ joule 


4 A] 
x 
p=3 x 104 fe kg-m/sec = 3X10 kg-m/sec = 
3x10 


The energy of a photon is 
the momentum is 1/c times the energy. 
tream of electrom 


seconds is 3,000 joules/ Seicon s, the momentum that the 


yadiation gives to the mass in this time is 


104 kg-m/sec. 
a) Since the object jstarts from rest, its total momentum after 10 seconds is just p, 
Th2 kinetic energy of the mass after 10 seconds is thus E= Inv. = 


calculated above. 
2 


6 ult could be found using E = Inv), 


2 -4 
Tz = 09 1 joules = 5 X 10 joules. (The same res 
2x10 
"m n9? m/sec = 0.1 m/sec.) 


b) During this tizae 3 X 104 joules of energy have been delivered to the mass by the 
x 107 


radiation. The fraction which has become kinetic energy of mass motion is BT = 
3x10 


1.7 X 19 101 For 4i macroscopic object under these conditions, radiation pressure isa 
tiny effect. (There are cosmic, a8 well as submicroscopic processes, in which the mo- 
mentum of radiation is an important effect. In some stars, radiation pressure provides 
the important outward force to counteract the gravitational pull, and thus prevent the 
collapse of the star.) 
c) The radiasion 18 absorbed by the surface, and, depending on the wavelength, there 
could be some photo-electric emission of electrons which would take off some of the energy 
of each photon. We know, however, that only a few percent of photons incident on a surr 
face succeed /in ejecting electrons. The rest of the time, the electrons lose all of their 
energy to the; solid as they recoil through it. This energy will eventually become thermal 
energy. The mass heats up. 
3 
Notes: It heats up pretty fast! Assuming a specific heat of 0.5 cals/gmC x 2 X 10 
3X 10* joules/[2 X 10 


joules/kg ^, the risein temperature in 10 seconds would be AT = 
(joules/kg ex 10 3 kg] = 15,000 c°. The mass could melt, perhaps. But before this 
happens, this very hot mass will start to glow red or white hot, perhaps, and start to 
reradiate the energy. Exactly what happens depends on the frequency of the radiation, 


and the melting point of the solid. 
and (b) could be quite 


Note that if the mass were already moving, the answer to (a) 

[ he same direction a6 the incoming 
Its initial momentum is thus 10 p (since jn our 
earlier calculation the velocity turned out to be 0.1m/sec). The gain in kinetic energy i$ 


thus 


then Y = p/m = 10 


It is 21 times our previous answer, and we could in fact have it negative, with a different 

initial condition. The reason is that the radiation delivers an impulse which is constant, 

independent of the velocity of the mass. 
2I a EN pip. 

| AE = zu (Po * P 2mPo 2m PP p 

Thus the kinetic energy acquired depends on Py: the initial momentum. 
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PROBLEM 16 


A photon of wave length 1 angstrom hits an 
electron "at rest.” The photon bounces away 
at right angles to its original path. 

(a) Draw a vector diagram of the photon mo- 
mentum before the collision and the photon arid 
electron momentum after the collision. | 

Note: For such a collision the fractional loss 
; of energy is small: y’ is nearly equal to », 5o 
in drawing a vector diagram for momenta, you 
can take the momentum of the photon after col- 
lision to. have practically the same magnitude 
as the momentum of the photon before collision 
when you are finding the direction of the electron’s 
recoil. Taking the electron recoil given by that 
assumption, use conservation of momentum and 
conservation of energy to compute the answers 
asked for. 

(b) Calculate the momentum of the photon 
after the collision. 

(c) Calculate the kinetic energy of the electron 
after the collision. 

(d) Calculate the energy of the photon after 
the collision. 

(e) Is» very different from v? 


Py is the photon momentum before the collision. It ig Stated that the| photon bounces 


ove, represents the fina] photon momentum 
must acquire momentum m Such that By RD =P za 
e 


b) As stated in the problem the momentum of the ni i 
photon after collision is practically 

the same magnitude as the momentum before collision, The magnitudes) of the initial and 

final momenta of the photon are obtained from the wavelength A: | 
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c) From the sketch in th answer to part (a), we see by simple geometry that (D.) = 
45. ) Then e 9 * 
he 
m V 2 
1 aie e E 2 - 2 2x(6 -24 
E -smv "aw P /2m » (VA p) /2m = 2%(6.6%10 ) 
gp 2 e 2ni e e oules 
E 7 ET 


= 4,8 X 19:37 joules. 


d) By conservation of energy E 3" Ey + E, 


hc 8 - 
Ey” hy =" epy* 3.00 X10 X 6.6 X 10 as joulee 


il 


1.98 x 10 1? joules. 


, -1 
= -i = ~ x 
E/-E,-E,- (1.98 .05) X 10 


5 joules 


1.93 X 10715 joules. 
The change in photon energy is very small (2.5 per cent). 
e) Since E,-7 hv and Ey = hv’, 
€ ' 
vS ua Ey Ey 
^ à 


7 1 
The relative change in frequency is equal to the relative change in energy of the photon, 
i.e. 2.5 per cent. This justifies the initial assumption in (8) that the change in the pho- 
ton’s frequency is SC simall that it can be neglected in calculating P'e 


We could now repe#t the whole calculation, taking a better approximation that v' is 
smaller thàn v by 2.5 per cent. As is.clear from the vector diagram, this will have only 
a small effect (of order a few per cent also) on our result for p^. And E,. Since E, 


is almost the value we already used and is small compared to Ey, the value of Ey is hardly 
affected at all. Our answer for it is already correct: 


m 
A by eg? ea o 1 = 0281) 


- ay. (1 - .025) 


Therefore E, = 4.54 x10 !* joules, and 


E' -1.94X 1071? joules as before. 


PROBLEM 17 A narrow stream of 100-volt electrons is fired at 
two parallel slits very close together. The dis- 
tance between the slits is estimated to be 10 ang- 
strom units. The electrons passing through the 
slits reach a screen 3 meters away, and form a 

pattern of interference fringes. 
[It seems almost impossible to make such a pair 
of slits in any real sheet of matter, made of atoms 
which are themselves 1 angstrom or more in di- 
ameter; and even more impossible to measure 
their separation, since light has a wave length of 
thousands of angstroms. Yet the equivalent of 
this pair of slits can be made — has been made 
and used. It is the “biprism” of Fig. 33-12 (b).] 
(a) Estimate the distance between one bright 

fringe and the next. 
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(b) The bright fringes would appear as bright 
marks on a fluorescent screen sufficiently sensi- 
tive to glow when bombarded with 100-volt elec- 
trons (or as dark marks on a photographic film, 
or as large pointer readings on some meter at. 
tached to an electron collector). What is the 
essential difference between the bright-fringe 
electrons and those that reach the screen in a 
dark fringe: Are they bigger? More massive? 
Of better quality? Of greater charge, or what? : 


8) The analysis of two-slit interference 
has been given in Section 18-4. Referring S 
to the figure at the right, bright fringes occur 1 
at P whenever the length of AS, is equal to a Tu 


whole number of de Broglie wavelengths of the 
100-ev electrons, i.e. AS, = ni, where n= 0, 


1, 2, 3, etc. So, from Section 18-4, we have c 
ni x nAL | 


= => or x=—— 


d "Ln dir p 
and the distance of separation on the 


screen between fringes is Ax = AL For the electrons, E = i m v = 


-19 -17 i 2 ps 
7100 ev = 100 X 1.6X 10 ^" joules = 1.6 x 10 joules. Since p^/ 2m, = E 


p* VALE aye XBL KIO S 1 e x 107!” ko nado AS 40 -"ke-m/seo. 


By the de Broglie relationship, 


-34 
h= b/p = SS2X10 n= 1.2107 m= 2A, 
5.4 10 


The fringe spacing is therefore (L= 3m, d= 10 A) 
-10 
2X x 
Ade 19 m 3m 
10 x 10 m 


b) There is no difference whatever between the bright fringe electrons and those that 
reach the screen in the dark fringe. (Of course, no electrons at all arrive at points of 
complete destructive interference.) The fact that the dimensions of the diffracting slits 
are comparable to the de Broglie wavelength of the electron means that the behavior of 
the electrons is dominated by their wave-like nature. This means that the position at 
which the electrons will arrive is governed by a complicated probability pattern. The 
particular destination, within this pattern, of any individual electron is unpredictable; its 


mass, charge, energy, and size, are, however, identical With those of all of the rest of 
the 100-ev electrons. : i 


= ,36m = 36cm. 


PROBLEM 18 Electrons passing throu 


but possible, as discussed in the previous question) 
make an interference pattern on'a remote screen, 
If the gun voltage used to provide the original 
stream of electrons with kinetic energy is changed 
from 50 volts to 5,000, what does this do to the 
spacing of the fringes? 
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In the discussion of Problem 17 we showed that the ee: Ax, between bright 

XL is Wits oh 
fringes Was giver byAx--34. We also "pisos that \= | = TÉ So the spacing, Ax 
jg inversely proportional to VE, Ax «7g. Changing the energy of a beam of electrons 


to 5000 volts increases E by a factor of 100, VE by a factor of 10, and therefore 


from 50 
reduces Ax tenfold. 


The sizes of atomic nuclei are hard to measure 

PROBLEM p with alpha particles, because we have to look for 
small differences from Coulomb scattering. Neu- 
trons are often used. 

(a) What are the de Broglie wave lengths of 
neutrons with kinetic energy 10* electron volts? 
105 electron volts? 10° electron volts? 

(b) Compare these wave lengths with the 
diameter of a gold nucleus (15 X 10-15 m). 

(c) Look back at Fig. 33-15 to see how waves 
behave when they meet an obstacle, Suppose we 
fire a stream of neutrons at a small target of gold. 
For which of the neutron waves in (a) do you 
expect to find 

(i) most of the neutrons pass by the nuclei 
undisturbed while some are absorbed and some 
bounce off, all like balls in Newtonian mechanics? 

(ii) most of the neutrons pass the nucleus 
apparently undisturbed and the rest come out of 
the gold target equally in all directions, regardless 
of the shape of the nucleus? 

(d) With neutrons of which energy would you 
prefer to try measuring the nuclear size? 


This problem introduces some ideas and orders of magnitude of nuclear physics. 
a) The mass of a neutron is approximately 1840 times the mass of the electron, i.e. 


m, = 1840 x 9.11 x 10°) kg = 1.68 X 1072" kg. Consider the case E = 104 electron volts= 


e15- 
1.60 X10 ~~ joules. Then, since E = mv Ap i p /2m 


1 z -21 
p=VZm E= | 2x1.68 x 10 7" x 1,60 X 10 15 kg-m/sec = 2.32 X 10 ^ kg-m/sec. 


The de Broglie relationship gives us that ; 


-34 k 
,-h..6.62 X 10 joule-sec . » g5 x 10 i 
P »32x10 ^ kem/se 2 9 295 ; 
The other values of E increase by factors of 10 and 104, and since X «p. , i.e. 


71/2 
| Kae ^", \ will be decreased by factors of 10 and 100 respectively. 
b) In tabular form, the results are as follows: 


— ae M/diameter of gold nucleus Category 
Die mE m ; 

10 cy 2.85 X 10724 m 15 

10° ey 2.85x10 15m od $ 


c) (i) When the wavelength of a “particle” is small compared with the objects it en- 
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8 
counters, it tends to behave like a classical particle. In this case, the 10" -ey neutrons 
would behave in this way. Since the nucleus is not another billiard ball, but a complicated 
congregation of nucleons, the incident neutron may sometimes be absorbed into the nuclear 
motion, instead of scattering off the surface like a billiard ball. 


(ii) It is at the other extreme, where X is much greater than the size of the object, that 
the incident particle will not **see"' the detailed structure of the scatterer, but for all 


cases comes out as a spherical wave. Here the 10* -ev neutrons would do this. For the 
same reason as in part (i), this is not all that can happen with a real nucleus. (That is 
why a ''fission bomb’’ works!) 


In both cases most of the neutrons will not be affected by the scatterer, but for 
different reasons: in (i), the geometric area of the nuclei is such a tiny part of the target 
area. For (ii), the over-all influence of the scattering object on the wave vanishes as 
its size becomes small — there just isn't much surface area for the waves to slap against. 


d) Since the 10° -ev neutrons behave somewhat like billiard balls in colliding with gold 
nuclei, they would be better for measuring nuclear size than the other two groups. By 


counting the number of neutrons per m^ in the neutron beam and the number absorbed or 
deflected from the beam by a thin sheet of gold nuclei, we could calculate the fraction of 
the square meter covered by the gold nuclei. Then if we computed the number of nuc!ei 
by weighing the sheet of gold, we could get the area per nucleus. 


PROBLEM 20 (a) What is the wave length of X rays whose 
photons each carry 40,000 electron volts of 
energy? 


(b) About what energy electrons have a 
de Broglie wave length equal to that of 40,000- 
volt X rays? (Give your answer in clectron 
volts.) 


(c) What energy baseballs? 
(d) What is the wave length of a baseball 
moving at 10 meters per second? 


a) Using the information in the box on page 597 that \(A) = 12397/E (ev), we find that 


12,397 
40,000-ev rays have wavelengths of 75000 


b) Using the de Broglie relationship the momentum p of any particle with this wave- 
length is given by 


p = b/d = 6.62 x 10774 joule sec/0.31 x 10 1 m = 2.13 x 10723 kg-m/sec. 


For an electron, m, - 9.11 x 1921 kg, 


2 2 
Cc NEUF as ae 25m -(213x10723 
e 2.-e ~ 2m P mo 251 
e 2X9.11 X 10 


= 2.49 x 10 1Ó joules = 1.56 x 10? ey. 


Thus electrons with this wavelength must have an energy of about 1600 ev. 

c) For a baseball, the momentum, p,‘ is the same. The mass of a standard baseball, 
mp, is five ounces or 0.14 kg. Since, with constant p E« E 
ball energy, Ey by proportion: 


» We can obtain the base- 


E m -31 
DAL EN x 9.1X 10 E = 
E. = m Ey 72.5X10 ^ joules NGA TEC -1.60x19 45 joules, or 1.0 X 10 26 ov. 


I 


The velocity of this baseball can be obtained from p: 


Vp = p/m, = 


This is obviously not a pitcher’s ' 


.2:195«10: 


23 


uU m/sec = 1.5 X ir m/sec. 


‘fast ball’’! 


d) Ifv, = 10 m/sec, then p = mv, = 1.4 kg-m/sec. 


h_ 6.60 X 19:54 


Then Mg ld 


The moralis clear: we never have to 


PROBLEM 21 


247 X10 9 m» 47 x10 74 A. 


The wave picture of matter describes how a pro- 
ton and an electron are put together to form a 


hydrogen atom. We already know that the diam- 
eter of a hydrogen atom is about 10-10 m. 

(a) If we assume that a de Broglie matter wave - 
one wave length long will just encircle the outside 
of the atom, how large is the wave length? 

(b) How big is the kinetic energy of the elec- 


tron if it has 


that wave length? 


(c) Compute the potential energy of the elec- 


won. It will 


be negative as measured from zero 


when electron and proton are infinitely far apart. 
(d) Compute the kinetic energy of an electron 
circling at that radius and compare your answer 
with that of (b). 
(e) According to your estimates in (b), (c), and 
(d), how much energy is needed to ionize a hydro- 


gen atom? 
volts.) 


a) The circumferenc 
X2 3.4 Xx 10 m. 


-1 
e of an atom with a 10 


(Measurements give 13.6 electron 


b) By the de Broglie relationship p = h/% 


pi 


Since p = mv, and m, the mass 


-34. ; E 
6.62 X 10 : joule SeC 21X10 24 y g- m/sec. 


314x10 m 


-30 
of the electron, is 0.91 X10 ` kg (p. 


ya 2AX 10724 kg-m/sec .. » 3 x 109 m/sec. 
- 30 


0.91 X 10. 


Now we can calculate E: 


1-2 m 
== =-=x0.91 X10 
E g mv 2 0 


_ 24X 19 1? oules 


16X 1072? joules/ev 


More directly, but wi 


= (6.6 X107 


=2 


th less interesting inform: 


kg 
EI 
30 kg x (2.3 X 10° m/sec)” = 2.4 X 10 


= 15 electron volts. 


ation along the way, 


2 
E- p /2m- y? /2mX 


34)? 72 x93x10 7 x (3.14 X 


AX 1925 joules = 15 ev. 


492), 


worry about the wave-nature of baseballs. 


0 n diameter is 10729 meters, so 


joules 


10710 


2 
) 
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we can use algebra: 
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c) From Section 28-7 we know that the potential energy of the two charged particles is 


given by 

3 : U7 kq,q, /r, where 
k= 2.3 x 10 newton-m? (elem hg -q} = 4, = one elem chg, and r, the distance be- 
tween the electron and proton, is the radius of the circle: 


r= i x eo ees 


= 2.8 x 19 78 cyen/( ix 191^) 


= -4.6 x 1071? joules x 1ev/1.6x 1071? joules 


Ugl 


= -29ev. 


The potential energy is negative, since work would have to be done on the electron to 
drag it to infinity, where Us is zero. 


d) The electron is traveling in a circle under the influence of a known centripetal 
force, the coulomb force. Its velocity, and hence its kinetic energy are thus determined 


by Newton’s law: 


kq 2 
F= us a= -— and F - ma 
r 
kq 2 
Hence, ; 17. mé 
$ r 
kq U 
vig 175 cel (from part c). 


mr m 


The kinetic energy can be obtained algebraically: 


E WILL 

-3mv = 2 Us = 14.5ev. 

This is in close agreement with the estimate (b) obtained from application of the de Broglie 
relationship. 


€) The total energy of the electron is the sum of its kinetic and potential energies, i.e. 


which when added to -14.5ev will make it zero) is 14.5ev. This is by definition the 
lonization potential. The answer we have obtained compares very closely with the experi- 
mental value of 13:6 ey. 
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Chapter 34 — Quantum Systems and the Structure of Atoms 


This chapter is the culmination of the work of the course. Init, ideas from the fields 
of mechanics, physical optics, and electricity are brought to bear on some of the para- 
doxes that were faced by physicists at the beginning of the twentieth century. From the 
successes of treatments of this type, modern physics was born, the quantum theory and 
wave mechanies were developed. 


CHAPTER SUMMARY 

Introduction The facts that atoms are stable, and (for those of the same chemical 
species) identical in all respects, are two central problems which classical “heory can- 
not explain. 


Sections 1 through 3 The Franck-Hertz experiment, described in Section 1, pre- 
sents direct evidence that energy exchange between mercury atoms and colliding electrons 
involves only certain discrete amounts of energy. A simple interpretation of the obser- 
vations is that the internal structure of atoms only allows certain discrete values of the 
energy. On this basis we construct an energy-level diagram for an atom, and examine 
the photon spectra which should arise when an atom changes its energy state. Energy 
conservation requires that the photons have only certain discrete energies. Also, the 
result of the last chapter relating the energy of a photon to its frequencies (E = hv) 
therefore requires that the emitted light have only discrete frequencies. These fre- 
quencies correspond exactly with those of the observed line spectra. 


Sections 4 through 6 We seek a detailed explanation of discrete energy states in 
terms of the wave properties of matter. It is suggested that the phenomenon of standing 


waves, which involves discrete frequencies, occurs with the electron waves in the atom. 
After a discussion of standing waves on a string, the corresponding problem for wave- 
motion of a particle in a box is solved as an introduction. Then, in Section 6, à mathe- 
matical solution to the problem of electron waves in a hydrogen atom is sketched, and ; 
excellent agreement with the observed energy levels is obtained. We can also quantitatively 
account for the spectra of other hydrogen-like atoms, such as ionized helium. 


Section 7 A valediction, summarizing the understanding of the subatomic world that 


we have gained in this course. 


SCHEDULING CHAPTER 34 : 
The following table suggests schedules for this chapter. 


9-week schedule 


15-week schedule 
for Part IV 


No experiments for this chapter. 
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RELATED MATERIALS FOR CHAPTER 34 

Laboratory. Experiment IV-12, Simulated Nuclear Collisions, if not done earlier 
can be done with this chapter. 


Home, Desk and Lab. The following table classifies problems according to their esti- 
mated level of difficulty and the sections to which they relate. Those which are especially 
suited to class discussion are indicated. Problems which are particularly recommended 
are marked with an asterisk (*). Answers to problems are given in the green pages. 


Si) 7 — 
eaa UM Ho E 


Piel cil Oa 


Film. "The Franck-Hertz Experiment", by Byron L. Youtz of Reed College. This 
film provides a useful illumination of the text material, although the apparatus used is 
somewhat different from that described in the text (see Development of Section 1). 


Running time: 25 min. 


Introductory Section 


The introduction to the chapter reviews two difficulties which confronted physicists 
prior to the development of the quantum theory. These problems, resolved later in the 
chapter, are: (1) Electrons, orbiting around a nucleus, do not radiate energy and spiral 
in toward the nucleus, as classical physics would predict. (2) All atoms of the same 
chemical species are found to be identical in all respects. For instance they all have 
the same size. Classicaltheory permits orbiting systems to have an equilibrium at any 
radius and thus an arbitrary size. In the development of Section 1, a short review of 
the classical picture of an atomic system is outlined to cover these points. 


You may want to point out that, in the first printingofthe text, the names of Ruther- 
ford and Thomson under the photographs on the frontispiece to the chapter were inad- 
vertantly interchanged. This has a negligible effect on the chapter arguments that follow. 


Section 1 — The Experiments of Franck and Hertz; Atomic Energy Levels 


PURPOSE To present the experimental evidence for the fact that an atom can only accept 
energy from a colliding electron in discrete amounts, the magnitudes of which are charac- 
teristic of the particular atom. 


CONTENT A full description of the essential parts of the Franck-Hertz experimental 
apparatus is given. Electrons of known energy pass through a vessel containing atoms 
of mercury or some other element. The energies of the emerging electrons are mea- 
sured. It is found that the atoms only accept energy from the electrons in fixed, dis- 
crete amounts. 


The outcome of this experiment suggests that atoms exist only in states with certain 
characteristic energies. Atoms are usually in their lowest energy state — the *ground 
state". On collision with an electron of sufficient energy, the energy of the atom is 
raised to another of these states of fixed energy — an "excited state" — accepting from 
the electron just the fixed energy difference between the excited state and the ground 


state. 
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EMPHASIS These ideas are basic to the chapter. Treat fully. 


DEVELOPMENT A Short review of the properties of a classical atom, compiled from 
material of some of the previous chapters, is a useful way to begin. The concept of 
internal energy, and what it means in this case, is crucial for an intuitive understanding 
of the atomic energy level picture which is developed in his section. The wave picture 
(Section 6) uses many of the characteristics of the classical picture. 


REVIEW Consider the classical model of the hydrogen atom. 


1) The proton has 1800 times the mass of the electron. As with a satellite around the 
earth, or the planets around the sun, we can neglect to a good approximation the motion 
of the heavy body, the proton, and regardit as fixed. (See Chapter 23 in general, and 
Chapter 25, Section 3.) 


2) The Coulomb force between the positive proton and negative electron is a force of 
attraction. The potential energy of the system when the electron 1s a distance r from the 


proton is -ke?/ r, if the potential energy is taken as zero when the electron is far from 
the proton. (Chapter 29, Section 7.) 


3) The total energy of the system is: 
2 
shag que. 
E= 3 Mey at 
This expression is similar to that for planetary motion, since the gravitational force and 
the Coulomb force have the same + dependence (See Chapter 25, Section 4.) 
r 


4) We can have a circular orbit for any value of r. The velocity of the electron must 
conform to Newton’ s law: 


mv ke , 2 ke? 


T 


2? mr: 
5) This last equation gives the surprisingly simple result that 


1 nv? 
2 
the kinetic energy is equal to just half the magnitude of the potential energy. Then, for 
a circular orbit, the value of r thus determines the total energy: 


ier. 
WR Uu 


B" a 
E- ee r 2cr 
The total energy is negative as a result of our choice of the zero of the potential energy. 


E « 0 means that energy must be supplied to the electron to remove it completely from 
its Mes (hee Be on earth satellites and escape velocity.) By (4) above, the 
radius r can take any value. Then E, the internal energy of the atom, can have any : 
(negative) value we want. The fact that we have restricted this part of the digcussion n 
circular orbits need not be stressed. The results are more complicated in the case o 
elliptic orbits, but they are qualitatively the same. 3 
he above points are all either familiar, or simple developments of earlier results. 
Only a little wee time will be needed to expound them than is de eh to make mum. 
One does not want to overemphasize the results of the classical model, since ws : 
that it does not work, and we know vaguely that waves must be brought in. y ; 8 M 
important that the students have some concrete place from which to start. a m m 
a dynamical system. It therefore has internal energy, connected in some way W. 
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motion of the constituent parts. But we have not yet learned any details about this motion, 


THE FRANCK-HERTZ EXPERIMENT: The PSSC film on this experiment will be useful, 
It helps get a good general picture of the experiment and will answer some of the likely 
questions concerning experimental techniques. Note, however, a point of difference be- 
tween the filmed experiment and the one described in the text: The apparatus differs 

in that the gas occupies the region across which the potential V A is applied. When the 


applied potential is increased to, say, 10 volts, only a few electrons ever acquire enough 
energy to excite the 8.84 ev level, as described in the text. Instead, almost all undergo 
an inelastic collision as soon as they have more than 4.86 ev of kinetic energy, thus ex- 
citing the first state. They are thereby brought almost to rest and accelerate again over 
the remaining part of the gap, once again gaining enough energy to excite another atom 

to its first excited state. Thus what is detected is excitation to the first excited state. 
The processes described in the text do occur, of course. We see that from the emission 
spectrum (Section 2). But the higher excited states are not detected directly in a Franck- 
Hertz experiment of the type illustrated in the movie. 


* * * 


A discussion of the results of the experiment from a classical point of view, con- 
sidering solely circular orbits for the atomic electrons, may be helpful. Classically 
one can see that it would be nearly impossible to hit an atom without producing changes 
in internal energy, since the bombarding electron would surely disturb the orbits of the 
atomic electrons. The fact that no change in internal energy occurs until the energy of 
the bombarding electrons exceeds some threshold value has no classical explanation. It 
is as if an atom possessed a ''stiffness". The natural explanation is that the atom can 
exist only in certain states of internal energy, and we can change the energy of the atom 
from one to another only by providing a large enough amount of energy. 


Great pains are taken in the text to avoid saying that the modern picture of an atom 
is that of an electron moving in a well-defined circular orbit. The early attempts at | 
quantum theory by Bohr were in terms of well-defined paths, the so called quantized | 
orbits. This picture has been superseded by the wave model. Therefore, any refer- 
ences to electrons moving in circular or elliptical orbits should be firmly linked to a o 
classical view. It is useful to emphasize to the student that we do not at this point in 
the text, understand exactly what is happening within an atom, and the Franck-Hertz 
experiment shows us that, whatever is taking place, the atom is able to accept energies 
only in certain amounts. Our natural conclusion is therefore that the atom can exist 
only in states of certain energy. In some manner which has not yet been discussed, 
these states of energy must be related to the state of motion of the electrons about the 
nucleus of the atom, 


Several of the early problems in HDL involve considerations such as the above. In 
order to keep class discussion from getting too abstract and to aid the students' under- 
standing of the exact process, you might ask such questions as: 


a) An electron with an energy of 6.20 electron volts collides with a mercury atom. 
With what energy might it bounce off? Answer: It might bounce elastically, retaining 
all 6.20 electron volts. It might bounce inelastically leaving the mercury atom excited 
to 4.86 electron volts and retaining 6.20 - 4.86 = 1.34 electron volts of energy. 


b) A beam of 10.00-ev electrons are shot through mercury gas. With what energies 
could they come out? Answer: 10.00 - 8.84= 1.16 ev; 10.00 - 8.67 = 3.33 ev; 10.00 - 
4.86 = 5.14 ev; and don’t forget an electron that collides twice, 10.00 - 2 (4.86) = 0.28 ev. 


c) Students might rightly ask, “‘If one electron bounced off a mercury atom and left 
it excited by 4.86 ev, could another electron hit it and raise it to 6.67 ev, thus, in example 
(b) above, giving rise to electrons of 10.00 - (6.67 - 4.86) - 8.19 ev?" In principle this 
could happen, but in practice it does not. Once the mercury atom is excited to 4.86 ev 


it radiates this energy away as a photon of light in about 1078 seconds. Therefore very 
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few atoms are in any state but the ground state at any one time; and the electrons can 
only raise them to excited states from the ground state. 


QUIZ PROBLEMS You can repeat the previous class discussion questions with different 
energy electrons and, say, cesium atoms. 


HDL Problems 1, 2, and 3 are simple exercises which emphasize energy conservation 
in the process of atomic excitation. If students have understood the text material, Prob- 
lems 1 and 2 should present no difficulty. Problem 3 requires a result from Chapter 26, 
on molecular motion and heat. 


Section 2 — Dissecting Atomic Spectra: Excitation and Emission 


PURPOSE To examine the emission spectrum in a Franck-Hertz experiment as addi- 
tional evidence for the presence of atomic energy levels. 


CONTENT We assume that when an atom changes its energy state, going to a state 
with less energy, a photon is emitted. The photon must have just the right energy to 
conserve energy. Since E = hv this means that the frequency also must be just right. 
Thus only certain discrete frequencies will be found, corresponding to the differences 
between the discrete energy levels that the bombarding electrons are able to excite. 
The appearance of lines of lower frequency as the incident electron energy is increased 
can be understood in terms of the reduced spacing of the higher energy levels. 


Other excitation mechanisms can also produce emission spectra. 


EMPHASIS Should go easily. Combine with Section 3. 


DEVELOPMENT Once the idea of atomic energy levels has been accepted, the hypothesis 
of this section should appear to the students to be a very reasonable application of photon 
properties. In Section 33-5 it was seen that an electron acquired energy to escape from 

a metallic surface by absorbing a photon. It is then reasonable to suppose that an electron 
may lose energy by emitting a photon. We expect the photon’ s frequency to be that given 
erg he detailed results of observations on the emission spectra 


by energy conservation. T 
from mercury atoms are displayed in Figure 34-4. The energy-level diagrams show 
f the incident electrons, and the 


what levels may be excited at the particular energy o : 
photon frequencies expected. The beautiful agreement with the observed line spectra 


should be completely convincing. 


It may be helpful to remind your cla p 
spectra. One needs a line source, & prism or grating to i i 
means of observing the position of the lines. A photographic film is frequently used as 
a detector. The vertical lines on the film result from the fact that a line source is used. 
In the photographs in the text, lines of longer wavelength appear on the right hand E 
Note that it is the photographic negative which is shown — the black line represents the 
light, seen against the gray background. 

DEMONSTRATION It will be desirable for your students to observe some line spectra. 
It would be profitable to again set up the material for Experiment I-7. If you wish to 
demonstrate to an entire class at once, give each student a piece of the inexpensive f 
grating material which is now available (PSSC laboratory kits, and other m an 
let them observe a colored flame set up in front of the class. An electric w Rcge 
tube rather than a flame spectrum perhaps brings the demonstration We e j 
material of the chapter. Tubes of vars rear a aR, ue ee ia iere 
houses, or perhaps à local neon sign Shop W make y' d . e eA though 
show the hydrogen spectrum are now available from several scien ur dati 
xpensive. Ordinary hydrogen gas vill not work because M 
will € p^ Meu e spectrum of Hp, not the atomic hydrogen spectrum. A 


small high voltage transformer will be needed to excite the tubes. You Should not try 


ss of the experimental arrangement for observing 
spread the colors, and some 
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to reproduce the effects of Figure 34-4. When the voltage applied is low, the Spectra 
are present, but very faint. 


QUIZ PROBLEM 


Ten-volt electrons pass through a gas and are observed to retain 6 ev and 3 ev of 
energy. What frequencies of light do we expect to see emitted from this gas? Answer; 
Since 3 or 6 ev are retained by the electrons, the gas atoms were excited to 4 or 7 ev 
of energy. Photons of 4 and 7 ev should be emitted, as well as one of 3 ev where an 
atom excited to 7 ev emits a photon of 3 ev and remains excited to 4 ev. The frequencies 


-19 1 
LEO AE = = 15% 10)” oyde Aoao 19074 3057 and 73 x 102°. 


Be ow 
h 


Section 3 — Absorption Spectra 


PURPOSE To present additional evidence for the picture of photons and the transitions 
between atomic energy states by a consideration of dark-line (absorption) spectra. 


DEVELOPMENT Photon absorption, producing excitation of an atom, is in a sense the 
Same process as that discussed in Section 2, reversed in time. The photon just passes 
by the atom unless its energy is exactly that which is required to excite one of the atomic 
levels. You can illustrate a point made in Section 33-10 by comparing this situation 
with the electron-induced excitation, Figure 34-3. One of the fundamental ways in which 
photons differ from particles, such as electrons, is that photons are absorbed (and 
emitted), but particles are not. Thus the photons may excite atoms only if they have 
exactly the energy required. The photon vanishes completely, its energy (and momen- 
tum) being taken up by the atom. Excitation of an atom by an electron, on the other 
hand, can occur whenever the electron' s kinetic energy is greater than the minimum 
required. The electron is slowed down by just the amount required by energy conser- 
vation, and the electron itself carries off any ‘‘extra’’ energy. 


Note the information in the caption for Figure 34-5. Since, as with Figure 34-3, 
the illustration is of a photographic negative, the light lines correspond to an absence 
of photons of that wavelength. 


One question which frequently arises in discussions of absorption spectra is the 
following: Since an atom absorbs energy by being raised to an excited State, and then 
must decay back to the ground state by emission of a photon or series of photons of the 
Same energy, why do we see dark lines? Wouldn't the re-emitted photon just make up 


DEMONSTRATION 1f you have a fairly good Spectroscope you can illustrate absorption 
Spectra for your class. By means of mirrors, reflect the sun' s light into your instru- 
ment. Using a fairly narrow slit, you should see dark lines crossing the otherwise 
continuous spectrum. These are the absorption lines There is a very prominent dark 
line in the orange-yellow. It is caused by absorption by sodium atoms. You can prove 
this by looking at a sodium flame Spectrum at the same time. Reflect it in with another 
mirror. The bright yellow line will appear at the same place. This also proves, in- 
cidently, that the yellow sodium line is caused by a transition from an excited state 
directly to the ground state, otherwise it would not show up in absorption. See the 

quiz problem. 
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QUIZ PROBLEM 


A certain atom has energy levels at 4 electron volts and 7 
me ee electron volts above 


a) What energy light is absorbed? Answer: Photons of 4 and 7 ev ene 

: rgy are ab- 
sorbed. 3-ev photons are not absorbed since the atom will ordinarily be in ite ground 
state. Of course an atom could absorb a 4-ev photon and then a 3-ev photon, but this 
would be extremely improbable for the reasons given near the end of the Guide for 


Section 1. 


b) What would happen to a 6 ey photon if it ‘‘hit” this atom? Answer: It would go 
on by. It would not excite the atom to 4 ev and come off as a 2-ev photon. How do we 
know this? If the latter process were at all probable, light of all frequencies would be 
absorbed and not only a few discrete frequencies. Compare Figure 34-5. 


Section 4 — The Energy Levels of Hydrogen 


PURPOSE To introduce the numerical results for the energy levels of hydrogen, the 
simplest atom. These results will be explained with a wave model in the next two 


sections. 


EMPHASIS The ‘‘formulas’’ need not be memorized. Stress only the 1/2" dependence. 


DEVELOPMENT From now on, the discussion concerns the hydrogen atom. Classically 
it is the simplest atom. The level scheme of hydrogen turns out to have a relatively 
simple numerical description unlike that of the mercury Jevels. 


Limitations of space and time force the text to omit the fascinating story of the dis- 
covery of the formula for the energy levels of hydrogen. The major break-through was 
made in 1885 by Balmer. Many atomic spectra had been observed by that time, but 
the frequencies of the lines observed did not appear to obey any simple laws (such as 


being harmonics of a basic frequency, like the various possible vibrations of a string). 


Balmer studied the spectrum of hydrogen, which was particularly simple since only 9 
were given by the 


lines were known. He found that the wavelengths, in angstroms, 
formula 


This formula was accurate to better than 1 part in 1000. We now know that it describes 


the frequencies of hydrogen lines in which the atom drops from the n= 3, 4, 5,..--» 10, 
11 down to the n= 2 state. Rydberg, in 1890, found that rather similar formulas des- 
In particular, he found it simplest 


cribed the wavelengths of the spectra of other atoms. 
to express the spectra in terms of the frequency of the lines, a8 


cx J RO rug 4 
vee e M ecran 


Where v. is a constant, C the velocity of light, and R a constant called the Rydberg 
o 


: i lizing simplicit could not be exploited for another twenty years. 
constant. TUR j J given by Planck (1903) and Einstein (1905), and 


It required an understanding of photons, 
ei electrons model of the atom proposed by Rutherford (1911), 


the leus-plus-planetary- 
wei ori model for electron motion which would make some 
sion. An understanding of the results in terms 


f this simple expres 
physica ae eee ed ten or more years later, starting 


of wave properties of electrons was only achiev 
with de Broglie. 
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Section 5 — The Origin of Energy Levels 


PURPOSE To illustrate how wave motion entails the possibility of discrete states of 
motion. 


CONTENT The wave properties of electrons, discussed in the last chapter, are brought 
forward as a possible explanation of the observed discrete energy levels. The levels 
must correspond to quite distinct wave patterns. Stationary or standing waves, which 
appear on a vibrating string and in many other situations, provide just this behavior. 
Detailed practical suggestions for their observation are given. To illustrate the analogy 
which will be drawn in the hydrogen atom, the wave motion of a particle in a box is in- 
vestigated. The presence of a lowest energy state is noted as a promising sign of the 
physical correctness of the approach. 


EMPHASIS These ideas are basic to an appreciation of Section 6. 


DEVELOPMENT As emphasized in the text, some actual experiments with tubes or 
suspended slinkies are essential. The student who has determined for himself the un- 
willingness of the stretched tube to vibrate at any but its natural frequencies will not 
require further persuasion. 


The connection between standing waves and the traveling waves that have occ urred 
hitherto is necessary in order that X, the wavelength, may be identified for later use 
in the de Broglie relationship. The fact that a standing wave may be viewed as the 
Superposition of two equal traveling waves moving in opposite directions is sometimes 
espe hard to grasp. The experimental approach suggested in the text is sure to be 

elpful. 


energy to worry about. In addition, this will help clarify the point that 1/ n? dependence 
of the energy states of the hydrogen atom is very special. Other systems, such as 

this one, have different level schemes. To Obtain the energies corresponding to the 
waves shown in Figure 34-8, we note that the wavelengths are respectively x z 2d, 


.3d , 12d. | 3d 

hy 2° hg ^73 M4 774: ete. In general, b" = 2 Substitution in the de Broglie 
2) 
i j 2 
relationship, E = h z Produces the result that E = h ar 
2m ready n 

The expression is mathematically simple, 
but the relative positions of the energy levels 3 ———— 
are quite different from those of the hydrogen 
atom. 

> Ioretcen nd E 
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: HDL Problem 6 is a ripple tank exercise which will usefully supplement the one- 
dimensional wave work recommended in the text. Problem 7'is a simple exercise 
tying in the photon emission work with the “‘particle in a box’’. 


Section 6 — The Wave Theory of Hydrogen Energy Levels 


PURPOSE To present a simplified wave picture of the hydrogen atom and a plausible 
derivation of the energy level expression. Y 


EMPHASIS This is the climax of the chapter. Spend enough time to get over the argu- 
ments. Remember, however, that to simplify the mathematics, the arguments are 
made approximate and not completely rigorous. The accuracy of the results is so 
striking that the qualifying statements may be overlooked. 


CONTENT The problem of finding the correct standing wave patterns is now more 
complicated; the wave is in three dimensions, and there is no well-defined boundary 
as there was for a stretched string and a particle in a box. By considering only circular 
orbits, however, and by assuming that the wave motion is confined to the region sur- 
rounding the classical orbit, a standing wave can be found by the methods we have 
developed. Instead of a wave between two boundaries, we now require that the wave 
must fit onto itself i.e. that it goes around the inside with no detectable joint. This 
determines X, and, by de Broglie’ s hypothesis, we can find p and the kinetic energy. 
kaq 
The potential energy is calculated from the expression V Fin A 2 
electron is at a distance r for which the wave exactly fits onto itself. This determines 
the total energy of a set of discrete standing waves which represent the electron’ s 
motion about the proton. The expression obtained for the energy levels is correct. 


, assuming that the 


The level ordering, En ac —. is obtained, and the constant factor, 13.6 ev, turns 
n 


out as à simple combination of e, k, m, and h. 
The explanation can be checked against other atoms which should behave similarly. 
They do. Even the tiny effects of recoil of the nucleus can be accounted for by this 
simple model. 
DEVELOPMENT Do not stress the difficulties that are expected in trying to find the 
exact wave-pattern. The illustrations in Figure 34-9 show that we can expect relatively 
simple standing waves in these more complicated situations. 
If you have gone through the review suggested in the Guide for Section 1, the ma- ( 


ial i i tate the steps 
terial in the box should present no great difficulty. It may be useful to s : 
in the argument excidit so that you can run through the algebra quickly and obtain the 


1/ n? dependence. 


The steps are 
(1 Newton’ s law (which we use even though the electron is treated as a wave) F - ma: 


kaad 2 
12 -«m (7). 
r 


This gives one relationship between v and r, the two unknown quantities in the equation, , 


and we write it as 
p ME. 


AT 
m r 


; 
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[Note what this says: the right side is the negative of the potential energy, the left side 
is twice the kinetic energy. So kinetic energy and potential energy are proportional; i 
they will have the same dependence on n. If you did Problem 21 of Chapter 33, you wil 
have met this already. ] 


(2) For a standing-wave pattern to be possible, there must be an integral number of 
wavelengths around the orbit: 


nÀ- 27r. 


(3) By de Broglie’ s relationship, X is related to p, hence to v. With (2), this is 
another relationship between v and r. By combining this with (1), both v and r can be 
found. 


4 2 
The algebra of this step can be done as follows, if all that you want is the 1/n 
dependence of E: (2) and (3) give 


(1) ean be written (by multiplying both sides by rô 
2:2." 
mvr -k 9,0 r. 


Substituting for vr, 


2 
4T mkq 25 
2/ h V2. de. 1 
npn (4) "kqdr, ee hen? 


k 
Since E = - RUE as shown in Section 1 of the Guide, 


2r 
2 
UU y 4T mkq, ady 1 2mkq, dy 2 
IA. x 


h "2| nh 


2 2 
The result is the same as the boxed material in the text. The algebra has been approached 
slightly differently. As explained in the text, this very simple result, along with the pho- 
ton hypothesis, gives the Spectrum of hydrogen. It explains, in more basic terms, why 
an atom cannot radiate energy continuously and also why there is a minimum energy or 
ground state. 


COMMENT With the necessarily simplified treatment of the hydrogen atom given here 

it is somewhat fortuitious that exactly the right answers are obtained. The same approach 
applied to other problems — the energy levels of a rotating diatomic molecule for instance 
— gives only approximate answers. We can really expect no better, for we have applied 

a one-dimensional wave model (Figure 34-10) to a truly three-dimensional problem. The 


operator which allows a full three-dimensional treatment of the wave. The mathematical 
background for the proper treatment involves the Solution of partial differential equations. 


Here the chlorine is so massive that, as the 
molecule rotates, the hydrogen atom simply 


45 
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swings around the chlorine as in the figure. Suppose that the hydrogen atom has a mass 
m and moves around the chlorine at a fixed distance a with a velocity v. Then 27a = nh 
is the condition required for the wave associated with the hydrogen atom to just fit once 


around the circle. n=1, 2, 3, ... . But 27a = nh= : 3p =$, E (the energy of ro- 
2 n? n? : 2 
tation) = a = . The exact answer from wave mechanics replaces ourn by 


87 ma 
n(n + 1). Notice that for large n the two answers become nearly the same. If we take 


m-1.7X 10:28 kg and a= 19:2? meters (in a molecule the atoms nearly touch), we get 


E= 3.2% 1992 »? joules. Suppose that n changes from 4 to 3 and a photon is given off. 


The energy of the photon would be 3.2 X 10 22 (16 - 9) = 22.5 x 107? joules. Its fre- 


quency would be 22.5 X 10 77 + 6.6 X 10 34 = 3.4 x 1012. Its wavelength = 0.88 X TR 
meters. This is either very long-wavelength infra-red or very short-wavelength radio 
waves. This spectrum has actually been observed. The transition from n= 4ton-3 


actually has a wavelength of 1.2 X 1074 meters. 


Section 7 — Conclusion 
PURPOSE To provide a brief recapitulation of the road we have travele 
that a great deal lies ahead. 
EMPHASIS Treat asa reading assignment. 


d, and to suggest 
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Chapter 34 — Quantum Systems and the Structure of Matter ; 
Answers to Problems — For Home, Desk and Lab 


The following table classifies problems according to their estimated level of difficulty 
and the sections with which they are intended to be used. Those which are especially 
suited to class discussion are indicated. Problems which are particularly recommended 
are marked with an asterisk (*). 


SHORT ANSWERS 
1. (a) 10.2 ev. 3h 


(b) 12.1 ev, 10.2 ev. 2' 
à 8 md 
2. See discussion. n 4 300. 
3. About 1.5 X 10? degrees Kelvin. 9. (a) nx5. 
-4. (a) 10.2 ev. (b) Negligibly small increase. 


(b) 12.1 ev. 
(c) Lyman « and H a OF Lyman B. 


10. (a) 9X 100 joules = 4 x 10° ey. 


(b) No, larger. 


3 
5. 03 x 
5. p iE 11. (a) 1.22 X 10? A. 


3 
(b 1.21X10 A. 3 
(c) Ratio = 5.4. EOS IIO A 
(b) See discussion. 
6. A ripple-tank project. 
PROBLEMi1 - (a) With electrons of what energy would you bom- 


bard hydrogen atoms to excite them to the first 

excitation state shown in Fig. 34-77 This state is 

10.2 electron volts above the ground state. z 
(b) if you send in electrons of 12.1 electron 

volts kinetic energy (just enough to excite the 

second excited state), what energies can they lose 

in inelastic collisions with the hydrogen atoms? 


a) Referring to Figure 34-3, especially part (b), of the figure, an electron must have 
as much kinetic energy as the atom needs to get to its first excited state, i.e. it must 
have at least 10.2 ev. This is the minimum energy of the beam. 

b) An electron of 12.1-ev energy can either lose all of this energy, by exciting the 
Second excited state; or it can excite the first state, losing 10.2 ev of energy, and going 
off with the remainder, i.e. 1.9 ev. f 


Note. Because the mass of the hydrogen atom is about 2000 times greater than that of the 
electron, practically no kinetic energy is transferred to the atom. 


PROBLEM 2 Suppose you are going to bombard a vapor of 
cesium atoms with 4.00-electron-volt electrons. ` » 


Use Fig. 34-2 to predict some of the things that 
you would expect to happen. 
This-problem in energy conservation, for electron collisions, can also illustrate 
emission spectra. . 


4 


34-14 


Electron Collisions. Since the electrons have greater kinetic energy than that needed to 
strip away one atomic electron, a number of things can happen. The electron may excite 
one of the discrete states, in the process losing 1.38 ev or 2.30 ev. It may scatter 
elastically, losing no kinetic energy. If it ionizes the atom, the atomic electron and the 
outgoing electron share the remaining kinetic energy. 3.87 ev is required to tear away 
the atomic electron, so they will have 4.00 - 3.87 ev = 0.13 ev between them. 


Emission Spectra. Since some of the atoms are ionized, all possible emission lines 
Should occur. An ionized atom will encounter some slowly moving electron, moving 


with a very small kinetic energy of about Sur, where T is the temperature of the cesium 


gas. (For ordinary temperatures, this will be less than 0.1 volt.) The electron is 
attracted by the net charge on the ion. It can be ‘‘captured’’ into any of the discrete 
states by emitting a photon to conserve energy. The diagram below shows some possible 
photons which can be emitted as the atom gradually relaxes to its ground state. 


Note. Figure 34-2 shows only a few levels. There are many other levels which lie 
ciose together below the ionization energy. Therefore the incoming electron can lose 
many other possible amounts of energy and also many other spectral lines can be emit- 
ted. 


s 3.87ev 


Possible photon energies 


PROBLEM 3 If we heat helium gas to a is Pee temperature, 
the average kinetic energy of an atom in its thermal 
motion will be so high that an inelastic collision 
between two helium atoms can easily excite one of 
them to its first excited state at 19.8 electron volts 
above the ground staie. Estimate this temperature, 
obtaining any data you need from Part HI. 


p 
This problem illustrates why atoms are usually found in their lowest energy state. 


The electron will be excited only when the kinetic energy of a single gas molecule 
3/2 kT, becomes comparable to 19.8 ev. For then, on collision of two atoms, their 
translational kinetic energy can be used up in exciting one of them. 


Chapter 26, top of page 430, indicates that the average molecular kinetic energy of 


thermal agitation is 1/2 mv = 2.05 x me T joules where T is the temperature in 


degrees Kelvin. For this problem, 19.8 ev = 19.8 X 1.6 X 10:7? joules = 2.05 X ak d 
: 19.8 X 1.6 x 19 1? 


-23 = 1.5x10? degrees Kelvin. 
2.05 X 10 


The temperature at the surface of the sun is only 6000°K, so even there, heum 
atoms would be predominantly in their ground state. 
\ 


T 
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Any answer close to the above value should be considered correct. Another perfectly 
good approach would be to consider each of the two atoms needed only 1/2 X 19.8 ev, since 
both could contribute energy to excite one. This does not change the order of magnitude 
of T. Furthermore, what is meant by *easily excite"is indefinite. A gas at a tempera- 
ture 1/10th the above has some atoms moving with sufficient energy. 


PROBLEM 4 (a) What energy electrons would you have to use 
in a Franck-Hertz experiment in order to “see” the 
Lyman o line? (See Fig. 34-7.) 
(b) In order to “see” the H o line? 
(c) What other spectral line would you expect 
to “see” if you can see the H q line? 


Energy conservation in electron collisions, and possible emission spectrum. 


a) Referring to Figure 34-7(2), the Lyman æ line occurs when atoms in the first ex- 
cited state radiate. Colliding electrons must have enough kinetic energy to excite this 
State, i.e. 10.2 ev. 


b) The Hy line occurs when the second excited state radiates, leaving the atom in its 


first excited state. Colliding electrons must now have enough energy to excite the second 
excited state, i.e. 12.1 ev. 


c) The second excited state can radiate by going first to the first excited state, which 
then radiates to ground; the lines seen will be Hy and Lyman a. It can also radiate 


directly to the ground, emitting the Lyman line. There are then three lines visible: 
Lyman a, Lyman f, Hy 


PROBLEM 5 (a) What wave length of light is necessary to ex- 
cite hydrogen atoms in their ground state so that 
they emit the H, o line (Fig. 34-7)? 
(b) What is the longest wave length that can be 
absorbed by the hydrogen atoms in makinga transi- 
tion from the ground state (Fig. 34-7)? 
(c) Compare this with the H, a wave length. 
(You need only one really significant figure.) 
This problem in light absorption helps to see why hydrogen atoms are hard to ex- 
cite with photons. 
a) The atom must be excited to the second excited state (see Problem 4b), and this 
requires an energy of 12.1 ev (Figure 34-72). From the box on page 597, we can cal- 
culate the wavelength of such a photon. 


4 7 
p= 12467 10- Angstroms = 1.03 X 109 A. 


line, since 
t the energy, and consequently the wavelength, of the Lyman 8 A 
Gat is a DO estas from the transition from the second excited state directly to 


the ground state. ) ps bos ; 
an be 
avelength will correspond to the least energetic photon which c 
Fe longe vem to the first excited state, and the energy required is 10.2 ev. 


The wavelength is then 


4 
ao MAXI A. 1.21 x 10? A. 


(This is just the Lyman a line.) 

c) The energy of the Hoo photon is 12.1 - 10.2 = . 
photon is 10.2 ev. The ratio of their wavelengths is the reciproca 
frequencies and energies. 


1.9 ev. The energy of the Lyman a 
l of the ratio of their 
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(Hoo) —— v (Lyman a) _ E (Lyman a) 10.2 54 
X (Lyman a) v (Hyg) E (Hq) 1.9 
[This ratio can also be obtained by simply measuring the energies from the arrows cor- 
responding to these lines on Figure 34-7a. } 
Thus the wavelength of the Hoa photon is 


3 3 


MHo) = 5.4 (Lyman a) = 5.4 X 1.21 X 107A = 6.5 X 10" A. 


By remembering that the wave lengths are inversely proportional to energy, you can 
sée that long wavelengths correspond to transitions between the higher excited states and 
only relatively short wavelengths can be involved in absorption by an atom in the ground 
state. This has been shown quantitatively in this problem. 


PROBLEM 6 * Fig. 34-9 (a) shows standing waves produced in 
a circular ripple tank. These standing waves have 
circular nodal lines. You can also make standing 
waves by using a straight generator with its edge 
along a radius. Then there will be radial nodal 
lines, and the patterns are more like the standing 
electron waves discussed in Section 34-6. Try this 
in your ripple tank. 


This experiment using the ripple tank (after school) will help students see how wide- 
Spread standing wave phenomena are; it is of direct interest for the hydrogen atom 
problem. * 


PROBLEM 7 Suppose the particle between fixed walls (Section 
. 34-5) is charged and can, therefore, radiate, what 
is the frequency of its radiation as it goes from the 
first excited state to the ground state? Express 
your answer in terms of h, m, and d. 


Y UM 
The two energies are 2 2 
aui OL 2. ha at. 
1 2m 8 md? 2 2m 8 md? a—— d ———e 
^ 2 
E LMOL Ah 
The radiated photon will have energy equal to E phot ui" E, E= ANE] 
b: i= Sh 
Since E phot od* hv, v= quem 
[The “frequency” of the charged particle (the classical frequency with which it 
; V. 
Shoots back and forth across the box) is just a v4 is the classical velocity, i.e. 
vis p,/m. Thus the classical particle frequency for the ground state is 
Clg m 
mm am? 


For the first excited state it will be twice this, since Po = 2p,. The average of these 
two frequencies is just the photon frequency. It is not accidental that the two kinds of 


let — —— 


frequency are comparable in magnitude but th: 
j : A e fact that the wave mechanical frequenc) 
is the arithmetic mean of the two lowest ‘‘classical’’ frequencies is a o ai st jy 
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| PROBLEM 8 A blood corpuscle has a diameter about 10-5 meter. 
Suppose hydrogen atoms could be excited toa state 
for which the circular standing wave makes them 
about as big as blood corpuscles. Make a rough 
estimate of the value of n for such a state. 


The radius of a hydrogen atom is given, from the boxed material on page 631, as 


| 2 
REN ute do tpe ay n^. 
à qm? mkq,q 
) 149 
SEM. 9° 5x10? 4 
r-5 30i mW EE 9.4X10'. Thenn is approximately 300. 
.53 X 10 CUN 
PROBLEM 9 Excited hydrogen atoms are "larger" than hydro- 


en atoms in the ground state. Their standing- 
wave patterns extend out farther so that two atoms 
cannot easily approach each other so closely. Sup- 

ose you had a gas consisting of hydrogen atoms 
at atmospheric pressure (this is possible, though 
hydrogen usually forms molecules of two atoms, 
H,). Suppose these atoms could be excited until 
neighboring atoms just elbow each other with 
their wave patterns. 

(a) Make an estimate of the value of n for the 
excited state in which neighbors would elbow 
each other. [Use the following estimate of the 
spacing of gas molecules: One mole of any gas 
has 6 X 10? molecules and, at atmospheric pres- 
sure and room temperature, occupies about 
2.4 X 10-? cubic meters. If we imagine these 


(This is obtained by dividing volume by the num- 
ber of molecules and taking the cube root) So 
we may take the average distance between à 
molecule and its nearest neighbors as about 30 
angstroms Or 30 x 107? meter in any gas of 
atmospheric pressure and room temperature.] 

(b) If you started with a sample of unexcited 
hydrogen gas, in a closed bottle, and excited it to 
such a state, how would its density change? 

„(This problem deals with a gas of excited H 
atoms. In fact, H, molecules similarly excited 
would 
tron looking i 
state would experi 
field.) | 


similar to that for Proble 
30 times that of the ground state. 


m 8. Here the atomic radius is to 


a) This calculation is 
Therefore n= 430 5. 


be E x30 X 19 12 meters or 


b) The density of the hydrogen would not change appreciably since the volume it 
occupies remains constant, and the number of molecules remains constant. Actually 
the increase in energy in the pox constitutes an increase in mass, but this is such a 


small percentage of the initial mass that it is negligible. 


27 
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PROBLEM 10 . (a) Estimate the kinetic energy of a neutron in a 
nucleus of radius 
R=6 X10-"m. 


(This is a big nucleus.) Assuming the nucleus 
is a box of length R will be good enough. 
' (b) If the nucleus is smaller, should the kinetic 
. energy be smaller? 


This problem will help students appreciate the different orders of magnitude of nuc- 
lear energies compared with atomic energies. 
b c ao ect 
a) X= 2R; PENT oR’ 
hir p^ i h 
2m SmR? Gee 
-84 2 


$ 66x10. 
as BT 5a Hoes. HEZI 


8 X 1.2 x 107 7! x46 x 19719) 


gx 10713 
1.6 x 10 1? 
This is about a million times as big a& atomic energies. This is the characteristic 
difference between nuélear and atomic processes, and it explains, for example, why 
fusion and fission nuclear bombs are so much more powerful than ordinary chemical 
explosives. 


- 9x10 7? joules = eva 5:5X109ev. 


b) The energy depends on ng. As R decreases, E must increase, and rapidly. 
The enormous energies associated with nuclear events are due to the small nuclear 


Size, in just this way. We obtained a factor 108, even though a neutron is 2000 times 
heavier than an electron, in itself an effect which would tend to decrease energies by 
that factor. 


PROBLEM 11 (a) Compute the first two wave lengths that you 
expect for the Lyman series of hydrogen. 
. (b) Compare these with the spectrum of single 
ionized helium (Fig. 34-11). Explain why your Es 
comparison indicates that Fig. 34-11 is the 
Lyman series for ionized He. 
3) The energies involved (see Figure 34-72) are 10.2 ev (Lyman @) and 12.1 ev 
(Lyman $). The wavelengths can be found using the formula in.the box on page 597. 


4 


) _ 1.24 X 10 trs 3 
i de = oz A = 1.22X10 A. 


_ 1.24 x 104 


NEL IPIS 3 
X ix 2À24.08 X10" A. 


(These values were obtained in the solution to Problem 5 also.) 


b) The wavelengths involved are of the order of 300 A. In fact, the first two are 
X 


Hae ERUNT a 2 E 
303 A and 256 A. ; Notice that -7 73.0X10" A = 300 A; € 250 A. So the wavelengths 


seen in Figure 34-11 are just a quarter of those for hydrogen. This is what we expect 
‘or singly ionized helium. The helium nucleus has two elementary charges, and the 
scale of energy levels of hydrogen-like atoms goes as the Square of the nuclear charge. 
See the box, page 631, equation 5.) Energies are increased by a factor of 4, so are 
photon frequencies, SO photon wavelengths are decreased by a factor of 4, 


APPENDIX 1 
The Maxwell Experiment to Verify the Inverse Square Law of Force 


The fact that the forcé in Coulomb's law varies exactly as the in 
separation and not merely some power close to two is Vost sheets E die be 
direct but simple and beautiful experiment. In this experiment à hollow conducting sphere 
is highly charged and another smaller conductor touched to its inside and then removed 
It is found experimentally that the smaller conductor does not pick up any charge from i 
the hollow sphere. If there were electric, forces acting inside, the sphere charge would 
be added to or subtracted from the small conductor since it is touched to the large sphere 
and charge has a chance to transfer between them. Thus this simple experiment proves 
that the electric force inside a charged conducting sphere is zero. An experiment 
similar to this and an argument based on such an experiment is given in the film 
**Coulomb's Law”. 


R3 Figure 1 


Consider the force on a small test charge placed at any point, P, inside a uniformly 
charged spherical shell. 


y Draw the line from P through the center, O, of the sphere. What possible net force 
could act on the test charge at P? The only possibility is along the line OP. The 
spherical shell has axial symmetry about the diameter through O and P, 80 a charge 

located anywhere on that line could feel no net force in any direction other than along OP. 
The experiment, described above, shows that the resultant force acting on such a test 
charge is truly zero. It can be easily reasoned that the resultant force along the line OP 
on a charge at P can be zero if, and only if, the resultant force due to each pair of lati- 
tudinal rings, shown as abdfec and ghjlki in Figure 1, is equalto zero. We will call the 
forces from these rings F ap and Fon respectively. 


Thus our problem is to find out under what conditions the resultant force due to two 
such rings will be identically zero. Under these conditions, the effects of all such pairs 
of rings will cancel out and thus the net force on the charge at P will be zero. 


q, at P due to the ring abdfec, we note that all 


To ealculate the force on a charge, 


points of the ring are at the same distance, r, from P (if we take a very narrow ring). 
Thus the force will be 
F ab - S8 cos @ where n is the exponent in Coulomb's Law. 
zi 
The factor cos $ occurs because we are interested only in the component of the force 


` along OP. 


Q, the total charge on the ring in question, is equal to o, the charge per unit area on 
the spherical shell, times A, the area of that ring. But A is equal to the circumference 
of the ring, ZTR,, times its width, Wi. The force due to the other ring must Similarly be 


o27R Wd 
Fon EET ss cos ġ. 
2 
These forces must be equal in magnitude to give the observed null answer. Thus, 
c27R,W,q o27R, W. 
22 cos ġ = ve 1 cos ¢, or 
Te 1 
n 
il NI WO E 
T n t a RWi 5. 


A glance at Figure 2, representing a cross section of the Sphere, shows that 
R, =r, sin $, Ry = r, Sin ¢. 


and =ab= an -g;. mh 
Wy 7:90 RR ~ cos 0," 
1 2 
But 0, = 65 0, = 0, (0, + v 790,0, + v= 90°; .". 8 = 63) 
and 95 =6 4 (base angles of isosceles triangle) 
- 0, = 9, 
wW LL zs 
Thus i. an 5 een ee 
W, 8 84 mh mh Ty 
F RW r, MB 
Now, taking 4S9 - aua = Bu , 
gh “1 I 
iot 
and knowing bnt Te and that R= sin ¢ and R, = Trp sin $, 
: 2 n 
Pap RW. 75i $T, To Y To 
can write g =R W, r smexy (nj (7/7 
ghee ICE a 


The only value of n that will make the above equation a true identity is n= 2: 


Thus the observation of zero force acting on a point charge inside a charged spherical 
shell leads uniquely to the result that the exponent of the distance in Coulomb’s law must 
be two. The exactness of the determination of the exponent depends on the accuracy of 
the measurement of a null force. This kind of an experiment can be done very precisely. 


Much more sophisticated arguments lead to a proof that even if the outer conductor is 
not a sphere the electric forces inside it are still zero. 


A corollary of this proof is that if a charged conducting object is touched to the inside 
of a hollow conductor it will lose all its charge to the outer conductor. The proof is 
simple. The particles of charge repel one another and thereby try to get off the object. 
If there is no force from a charge on the outer conductor, as soon as the two conductors 
touch, all the charge will leave the inner one. This charge immediately flows to the out- 
side of the outer conductor and by our demonstration exerts no counterforce to keep any 
remaining charge on the inner conductor. Why the outside? The inside of the outer 
conductor is just like a conductor inside of another hollow conductor so we know that all 


the charge will leave it, etc. 

The fact that all the charge goes to the outside of a spherical conductor is often 
erroneously explained as due to the fact that like charges repel and surely they will get 
as far as possible away from each other, i.e. to the outside. . This will only happen if 


the law of repulsion is an inverse r one. Any other law of force will leave some charge 
inside. To see how this might work, think of two charged beads sliding on a wire. They 


will slide to the ends under a mutual repulsion no matter what the law of force. But put 
two more on. They do not go to eady there repel the new 


the ends because the ones alreac 
ones. A similar thing would happen in three-dimensional space if the law of force were 
2 5 

not exactly inverse r . 


APPENDIX 2 
Supplementary Work for Section 28-3, Electric Force Fields 


i - idea that the effect of the forces 
The second paragraph of Section 28-3 introduces the i [of 
due to several charges acting on a given charge can be found by adding the individual 
forces vectorially. In this course it is not intended to give major emphasis to this idea. 
If you have the time (!) some practice along these lines will stand your students in good 
stead in their college work. A sample problem might be the pu non four oe 
charges, di do; d; and Vy» with Qi; d» and ds fixed as shown in the diagram, wha 


is the force on Q4 when it is at A? B? C? The force between any two of these charges 
at a distance, a, is 0.10 newton. 


e, 4 
Ip @ 90° x 


E 
> 
ae 
wx 
Q 


When the charge dq, is at A, the forces are as shown at (a) below, The magnitude of 
each force was found from Coulomb's law. 


2 
-q— = 2 x 0.10 = 0.20 newtons. 
a /2 
0:10 nt. 
0.05 nt 
Bx 
0.10 nt 
(a) (b) 


A vectorial addition gives the res 
Shown when the charge is at (B). 
a distance a and are ; 


ult, 0.2 newtons to the right. At (b) the forces are 


The two diagonal forces are due to two charges q at 
therefore 0.1 newtons each. The force fro 


15 m the charge on the left 
2 2 
F- k—4— -i k2;- 0.05 newtons. 
(v2 a) a 


Doing necessary vector addition geometrically gives (0.10 x VZ + 0.05) to the right or 
0.101 newtons. 
The point at C can be anywhere far away. This part of the problem is meant to be 


done graphically. The idea is to show that the force at C approaches that due to a single 


—— 
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point charge, 3q, placed somewhere near the center of the three charges. This last 
idea is important. At a long distance from a group of charges, the electric force on 

a test charge is the same as that which would arise from a point charge which is equal 
to the algebraic sum of the group of charges and is placed somewhere near the center 
of the group. Thatis, at long distances from the group of charges, the force is an 
inverse square force. Close to a group, the force is not necessarily an inverse square 
force and must be calculated by vectorial addition. 


APPENDIX 3 
(Discussion of supplementary information on pages 567-569.) 


The discussion which follows is not intended for class presentation, but simply for 
what general background help it may be to the teacher. 


Part 1 The Quantitative Equivalence of Changing Electric Flux and Electric Current. 


COMMENT The material discussed in this section of the supplement is the one necessary 
link between the qualitative discussion in the text proper and a quantitative discussion of 
‘electromagnetic radiation. Once this part of the supplement is understood, the material 
of Parts 2 and 3 of the Supplement, and hence the velocity of light, follow quite readily. 
Part 1 of the supplement is the crux of the whole matter. 


The first example given is simply illustrative. It is used because the parallel plate 


condenser is easy to visualize. Age charge used, 4.85 X 10!” elementary charges, was 
chosen to give a field of 1.4X 10- sien T between the plates. Students cannot be ex- 
pected to make or understand this calculation. They are asked to take it as an experi- 
mental result, 

Next the text discusses a point charge case which students can understand but which 
may not sound much like a changing electric field between conducting plates. The result 
8 both of these calculations is that a changing electric flux is equivalent to a current and 
the constant is 


UC sa d 
eq 47k At ' 
where k is the constant in Coulomb' s law. 


Since, in some cases, slightly different roaches help clarif t i 
discussion is included here. , ise EE Slowing 


DISCUSSION Section 10 of the text discusses electric fields between parallel plates. As 
mentioned above such fields are easy to think about, but hard to handle quantitatively. 
Consider the situation Shown below. 


4- 


+ 
+ 
+ 
M 
+ 
T 
+ 


he left we have the experimental arr. ment of Section 1 = 
ducting plates are being charged through Mies qe Shown. In t lal ones 
plate positively, a current is flowing onto the left-hand plate. Consequently a current is 
leaving the right-hand plate, leaving it negatively charged. The electric field is clearly 
from the left plate toward the right plate and is increasing as long as the current continues 
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it negatively charged. The two charges are equal as long as the two currents are al- 
ways equal. An electric field exists between the two conductors. The field is radially 
out from the center (i.e. a small positive test charge placed between the spheres would 
be forced out away from the center). The center conductor thus plays the role of the 
left-hand plate in the previous diagram, and the outer conductor that of the right-hand 


plate. 


Suppose at time t = 0 we start with neither sphere charged and allow a constant 
current Ito flow onto the inner sphere. This means that there are I elementary charges 
per second flowing along the wire to the sphere. Aftera time, t, there arethenIXt elemen- 
tary charges on the sphere. They spread out uniformly. Suppose we consider a small 
test charge of one elementary charge placed 
at point P, a distance r from the center of 
the inner sphere as shown at the right. By 
Coulomb' s law we know that the force on it 
will be 


Itxi 
F= k-57 3 
r 
Since k is the appropriate constant, It is the 
charge at the center and 1 is the magnitude of 
the test charge. Our definition of electric field is simply the force on one elementary 
charge so that we conclude that the electric field at a distance r from the center is 


We note that the electric field is symmetrical and everywhere the same over a sphere 
of radius r, shown dotted in the above figure. We introduce the term electric flux $ E 


which is defined to be the electric field multiplied by the area we are considering. We 
do not need to introduce this term, but it makes things a bit easier to discuss and facili- 
tates comparison with the magnetic flux. The electric flux over the dotted sphere is 
thus the area of the sphere times the field or 

op = anv? kl t = 4nkit. 


2 
r 


Now it can be seen that the electric flux is changing at a rate 
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Notice that we began by talking about the electric flux across a particular sphere of radius 
r but that r does not appear in our answer. The flux is the same across any sphere drawn 
between the spherical conductors. This is necessary if the rate of change of electric flux 
is to be considered a ‘‘current”’ flow. Thus it appears that the rate of change of flux can 
be considered as an extension of the current flowing into the center sphere and out of the 
hollow sphere. Although the statement is not rigorous, it seems that the current I ‘turns 
Ad 
into’’ a current, wo to cross empty space. 


Part 2 The Circulation of Magnetic Field Around a Changing Electric Flux 
Part 3 The Speed of Electromagnetic Radiation 


COMMENT The text has now shown that a changing electric flux is equivalent to an 
electric current. In this part of the supplement it is assumed that this flux which 1s 
equivalent to a current also produces a magnetic field. This cannot be “proved”? ex- 
cept experimentally. The “proof” is the observation of the electromagnetic radiation 
predicted in Section 11 and in this supplement. 


` The text discusses the case of circular paths of B and E and the appropriate units. 
A somewhat abbreviated discussion is given below. 


DISCUSSION Early in the chapter it was noted that the force on an elementary charge 
moving with a velocity v across a magnetic field B was F magn Boc Bv. Since the force 


on an elementary charge is the electric field, it may be concluded that a magnetic field 
moving with a velocity v implies an electric field E - BV. Later in the chapter it was 
Shown that this implies 


Ad 
2qdE = = i 


-45 -45 Ad 
.542X10 "I 5.12 x10 i E 
We also know that B = d MT E AES if we assume that the 


electric flux “current”? produces a magnetic field equal to that produced by its equiva- 
lent real current. Rewriting this, 


-45 Ad 
onpd = 912 X 10 E 


2k Abe 
Reasoning by analogy to the changing magnetic flux, this implies that 
45 
_ 5.12 X 10 
B= 2k v 


glves the magnetic field in an electric field E moving with velocity v. 


To recapitulate, if a magnetic field B is moving along with a velocity v there must be 
ompanyin: 


an electric field ace ying it of magnitude E = By. But this electric field must be 
accompanied by a magnetic field, 


B/ 2.5.12 X 10745 
PEE a A To 


V= 
BX AGIs o 1918 


If this is to be a Self-propagating system (i. e B' 
started with) we here 2 E y (i.e. is to be the same as the field we 


Ev. 


2 16 
V =9X10"";v=3x 108 meters/sec. 


APPENDIX 4 


Part 1 The Rutherford Scattering Formula. Approximate derivation for Small 
Angles of Scattering. 

If you have the time you can make the results of Section 3 more plausible by working 
out the relationship between scattering angle and aiming error in an approximation which 
is valid for small deflections (large aiming errors). The deflection is easily calculated 
if we know the vector change of momentum in the collision; we only need to draw the 
vector sum triangle showing the initial momentum mY,, the final momentum m$, and 


the vector change A (mV). By energy conservatiop we know that the magnitudes of the 
my mv, 


initial and of the final momentum are equal ( ear ore implies mv, = mv). The 
scattering angle 0 is of course the angle between the initial and final momenta: 


+ * - 
mv, = mv, + Amv 


AB AC _ cin ® 
OB OC 2 
OB = OC = mv 


ams|- CB = AB + AC = 2mv sin? 


The momentum change in the collision is equal to the impulse of the force acting on, 
the particle. Since the force is not constant, we divide the collision time into a large 
number of small intervals, At, short enough so that the force is nearly constant over 
each interval. The impulse, and therefore the momentum change, in each time interval, 
At, is given by FAt. Taking the vector sum of all the partial impulses, FAt, we get 
the total impulse and therefore the momentum change for the whole collision. We must 
or course take into account the change in F with time and use the value appropriate to 


each interval of time. 

Everything that we have said so far is exact. However, if we try to evaluate the 
result we run into a difficulty. The force, F, on the particle at time, t, depends on 
where the particle is at that time, and we do not know this until we have worked out the 
orbit. We can get around this difficulty by noting that if the aiming error is large the 
particle will move in an orbit which is approxi 
nearly constant. We can therefore get an approxim 
out the impulse which the particle would experience 
line at a constant speed, v z If the aiming error is b, the approximate orbit is a 


straight line passing à distance b from the nucleus. 
2 2 2 
r =b +x 


Approximate orbit 


à -particle 


Nucleus 


kaon 


The force on the particle is F = S In our approximation the x-component of 


pulse to the left in the first 


r 
s not change in the complete collision (the im 
second half). 


momentum doe 
ed by an equal impulse to the right in the 


half of the orbit is cancell 
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To calculate the y-component of impulse we consider the y-component of the force: 


kd v b 


F- EPA (by similar triangles). 
T 


The particle moves a distance Ax in a time At = E therefore the y-component 
of impulse acting on the particle as it moves a distance Ax is given by: 
F kq qb 
FOAt--YAx-|[ —R jax. 
y x vr 
The sum of all the little impulses is given by the area under the curve of ex = 


kq q 
T N x E v8. X. We have drawn such a graph (using r = b? + x? 
r 


to calculate r). 


We can measure the area under the curve (or evaluate it by using calculus). The result 
is: 


F /v 
y 


] 
| The area under the curve 
| is equal to the area of 

| the rectangle 

| 

| 

| 


Area = (2b) KIIN 
2 
bv 


Impulse = bv 


Equating the impulse to the momentum change 2 mv sin 0/2, (see first figure on the 
previous page) we find: 


r 


d. c9 
2sinz- b' 


kq% 
here s = N is the distance of closest approach for a head-on collision (see 32-4). 
k 


" T 
The exact result is: 2 tan s t £. 


For small angles sin? and tan? are nearly the same. 


Part2 Derivation of the Rutherford Scattering Formula. 


A derivation of the Rutherford scattering formula is given here for your reference. 
Although the derivation is fairly simple, it uses calculus and conservation of angular 
momentum, and is therefore too advanced for most high school students. 
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We suppose that the mass of the nucleus is much larger than the mass of the alpha 
particle, so that we may consider the nucleus to remain at rest. Since the orbit lies 
in a plane which contains the nucleus we can describe the position of the alpha particle 
by two cartesian coordinates, x and y, measured from the nucleus as origin. For 
convenience, we choose the y-axis to divide the orbit symmetrically. Using Newton's 
law of motion and Coulomb's law of force, we calculate the y-component of the acceleration: 


dv XE kq q 
Y..y.EFsinó ^ "o"N sinó 
m m, n VÉ. Fs (See figure.) 


dt 


x 7 D 
7 nucleus 


Since the force on the alpha particle acts along a line through the nucleus, there is 
no torque (moment of force) about the nucleus; therefore the angular momentum 
(moment of momentum) about the nucleus is constant. The angular momentum is given 


at any instant by the product mr? ur of the distance r, from the nucleus and of the com- 


t 
ponent of momentum (mv, - mr 32) perpendieular to the line drawn from the nucleus 


to the alpha particle. The alpha particle moves initially with momentum mv, along a 


straight line which passes at a distance b from the nucleus; therefore the initial angular 
momentum is b (mv) . Since the angular momentum is constant we have: 


b 
2 do _ d$ _ "o 
mr Gt * my b» or ^c arn 


We use the last result to eliminate the time from the equation for Y. 
dv kasd sin $ 
2 


c 
1 yd. = Da = aay -2 sin $ 
i dp do vob 20o b : 
dt A 
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with the abbreviation: e LEN. 


We know that sin $ = -d cos ¢/d¢; we also know that Vy -0ató- z We can therefore 


integrate the equation for dv, / d$ to obtain 
I 


v =-ly -2 cos 
y 52 6 7 i 
When the m particle is still a long way from the nucleus 9 = @and out last equation 
T) 
gives lile - "op cos œ. Since at $ - 1/2 the motion is.1to y, v. = 0 at that point. 


Wealso have a MS VE Sin &. In order that the two results agree we must require: 


r 
1 o : 
-5 V oL @=-y_ sing. 
2 Yop C98 Vo sin 


Since, as shown on the figure, œ= 0/2, we get 


A 
2 tan a= 2 tan $= —2 
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TEACHER'S GUIDE FOR EXPERIMENTS AND DEMONSTRATIONS, PART IV 


This Teacher's Guide contains, in addition to the discussion of laboratory experiments, 
suggestions for class demonstrations. 


We would like to emphasize that the inclusion of class demonstrations in the Laboratory 
Teacher's Guide should not be interpreted as putting demonstrations on the same level as 


the experiments performed by the students. We 
periments which are too long or costly or not important enough to be d 


the laboratory. Student experiments should not be done as demonstrations. 


Number 


IV-1 


IV-7 


IV-8 


Experiment 


Electrified Objects 
Electrostatic Induction 


The Force Between Two Charged Spheres 
The Addition of Electric Forces 


Potential Difference 


i 


The Charge Carried by Ions in Solution 


The Magnetic Field of a Current 


The Magnetic Field Near a Long, Straight 
Wire 


The Measurement of a Magnetic Field in 
Fundamental Units 


The Mass of the Electron 


Randomness in Radioactive Decay 


Simulated Nuclear Collisions 


*** essential 
** desirable 
* optional 


Best Time 


Before the study of 
Chapter 27 


Same time or shortly 
after Section 27-5 


Before Chapter 28 
After Experiment IV-3 


Before or during discus- 
Sion of Section 29-7 


After discussion of 
Section 29-4 


Before Section 30-3 


Before Section 30-4 
After Section 30-5 


After doing Experiment 
IV-9 and discussing 
Section 30-8 


During Chapter 33 or 
later 


Toward the end of the 
course 


include as class demonstrations those ex- 
one by students in 


Priority 


OK 


xk 


kkk 


kkk 


** 


** 


X» 


*** 


»k 


*»* 


Demonstrations ; ; Page Priority 
Charge Transfer by an Oscillating Pith Ball D-1 * 
A Shielded Electroscope $ ; D-2 * 
Demonstrations With the Electroscope d D-2 mock 
Deflecting a Stream of Water D-3 * 
Tracks in a Cloud Chamber | D-3 Aic 
The Conductivity of Liquids D-5 ** 
Electrostatic Fields D-6 T 
A Time-of-Flight Measurement D-8 * 
Induced Currents and Voltages f D-9 kkk 
The Photoelectric Effect D-10 € 


*** essential 
** desirable 


* optional 
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IV-1. ELECTRIFIED OBJECTS 


This experiment requires little time and equipment and may be done at home. It is best 
done before the study of Chapter 27. If your students are already familiar with the simple 
behavior of positively and negatively charged objects, it may be done as a demonstration. 

In any case, it prepares the student for the three following experiments, which assume a 
familiarity with simple electrostatics. 


The success of Experiments IV-1 to IV-5 depends greatly upon the relative humidity in 
the laboratory. If it is about 50 per cent or less, the experiments will work well, but if it 
is about 80 per cent or more, charges will leak off across insulators, making the experi- 
ments difficult to do. To reduce leakage in high humidity, store the apparatus in a large 
box heated by an electric bulb or in a heated room, and remove it just before use. Vinylite 
which takes a negative charge when rubbed with wool, and cellulose acetate, which becomes 
positively charged when rubbed with cotton, develop strong charges and work better than 
glass, Bakelite, or other plastics when the humidity is high. However, if the surface be- 
comes dirty, it may be difficult to keep charge on a rubbed plastic. strip. Charge cannot be 
easily removed from vinylite and cellulose acetate by rubbing the surface with the hand. 
Passing the strip quickly over a flame will discharge it. 


The two different strips can be hung from a crossbar attached to a ringstand. They 
should be far apart and far enough from the metal of the ringstand so they will not interact 
with each other or with the induced charges on the ringstand. 


Students may find that a charged plastic strip will always attract an uncharged strip, 
although they are not told to look for this effect until the end of the experiment. This in- 
ductive attraction is not easy to understand until induction has been studied in the text and 

in Experiment IV-2. The explanation should probably be deferred until later. 


Answers to Questions 

A vinylite strin rubbed with wool repels another similarly rubbed vinylite strip, and 
attracts a cellulose acetate strip that has been rubbed with cotton. There appear to be at 
least two kinds of electric charge. 

As a result of bringing acetate rubbed with cotton near another similarly charged strip, ` 
one can conclude that the like charges we used repel each other and the unlike charges 


attract. 

The wool that charged the vinylite has a charge unlike that on the vinylite. Holding the 
wool close to the acetate shows that they repel each other and hence probably have the 
same charge. (At this point the student may make the assumption that there are only two 
‘kinds of charge, which can be given names such as a and b, p and g, or plus and minus. 
He can then try to explain all further results on the basis of this assumption.) 


Almost any reasonably good insulator when rubbed will become charged to some extent, 


and the student can identify its charge as being the same as or opposite to the charges he 
has found by observing íts effect on charged vinylite and cellulose acetate strips. 


The. general conclusions resulting from the experiment are: 
1. There are two kinds of charge. ^ 
9. Like charges repel, opposite charges attract. 
3. Two neutral objects, rubbed together, become oppositely charged by close contact 
The names are of no importance. It makes no difference which we call "plus" or which 
we call "minus" (or "a" or "b"). i EA 
H a student has observed that both kinds of charged plastic attract an unrubbed object, 
he is justified in concluding that an ünrubbed -object has. a "charge" that attracts all rubbed 
objects but does not affect another unrubbed object. He will later find that there is really 


no new kind of:charge involved. 
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Unless the student is Sophisticated in matters electrical, you should not expect him to 
| give an adequate explanation of how uncharged paper or thread can be attracted. The ques- 
| tion is given to him simply to make him aware that all is not so simple as it seems. 


Students should be encouraged to try charging various substances with different materials. 
They will conclude that there is no easy way to predict what charge substance X will gain 
when rubbed by y. They are right! In fact, depending on the humidity and cleanliness of, 
the surface, some substances can be charged with either sign when rubbed by the S&mé's Sub- 
stance, 


The difference between insulators and conductors can be learned by having the student 
try charging metal rods. The charge will leak off as fast as it is formed; but if the rubbed 
metal rod is held by a good insulator, it will become charged like the plastic but the charge 
will spread all over the rod and will not stay localized as on an insulator. 


f 


APPARATUS 


1 Cotton cloth 

1 Wool cloth 

2 Cellulose acetate Strips 
| 2 Vinylite Strips 
1 
1 
1 


Ringstand, 36" 
Rod, 24" 
Clamp holder 


Cellulose or masking tape 


" 


Useful Hints on Low-Molecular-Weight Pol ethylene Insulation 


When the humidity is high, charge leakage occurs across the surface of otherwise good 
insulating materials because dust and dirt on the surface absorb water and form a thin con- 
ducting layer of electrolyte. Low-molecular-weight polyethylene does not pick up dust and 
dirt as easily as many other insulators and so bas a very low surface leakage in humid 


conditions if the Surface is kept clean. 


Low-molecular- weight polyethylene is a waxlike substance resembling paraffin in appear- 
ance and texture. Although harder and stronger than paraffin, it is not as hard or as strong 
as Bakelite or other common plastic insulators. k can be melted in a clean pan at 112°C 
until it is fluid enough to be poured into molds to form cylinders, plates, etc. Its tendency 
te shrink upon cooling will make it easy to remove from molds. Do not use polyethylene 
that has become discolored through overheating, 


Like all insulators, after it has been cast it must be kept clean. If it becomes dirty and 
hows excessive leakage with use, it may be cleaned by washing with Soap and water or by 
Scraping with a knife to give it a clean, new Surface. 


it sticks to the drill. It is better to drill deep holes in Steps, drilling a short distance, 
withdrawing the drill, and cleaning it before continuing. 


IV-2. , ELECTROSTATIC INDUCTION 


Electrostatic induction is not easy for students to understand. It may be best to do this 
experiment at the same time or shortly after the topic is studied in the text. Very able 
students however, may find it a challenging problem before they have learned about induction. 
The purpose of the experiment is to familiarize the student with the separation and transfer 
of charges. In the last part of the experiment he will become familiar with the behavior 
and use of an electroscope. 


If metal rods about 10 cm long and a centimeter in diameter are not available, other 
7imilar objects such as spoons, table knives, or pieces of metal tubing may be used. Wires - 
also may be used, but their capacity is so low that they produce very small deflections of 
the suspended foil. In any case, try to avoid using objects with sharp points or edges since 
they lead to corona discharge or spark discharges between the objects and the charging 
plastic strips. If such effects occur, the rods must be discharged and the experiment re- 
peated. 


If the humidity is high, to prevent leakage it may be necessary to support the rods on 
pieces of low-molecular-weight polyethylene. 


The sign of the charge on the electroscope can be determined by bringing charged 
vinylite and cellulose acetate strips close to the instrument. 


A leaf electroscope or a "soda straw" electroscope is most sensitive for small deflec- 
tions. If it is charged to more than about a 45? deflection, it will show little change when 
another moderately charged object is brought close. 


If there is sufficient time, students may try the following variation on the separation of 
charges by induction: charge two insulated metal rods by induction as in the first part of 
the experiment, then charge one electroscope by contact with one rod and another electro- 
scope with the other rod. The two electroscopes will then discharge completely when their 
terminals are connected. The electroscopes must be quite sensitive to show this clearly. 


It might be pointed out to students that when a charged object picks up bits of insulating 
materials like paper and thread, the attraction is primarily the result of the separation of 
charge like that in a conductor rather than polarization, the distortion of charges in indi- 
vidual molecules. A perfect insulator would show only the weak attraction resulting from 
polarization. In ordinary insulators there is sufficient conduction so the greater charge 
Separation resulting from conduction masks the effects of polarization. 


APPARATUS 


2 Metal rods, 6" 
2 Beakers (200 to 500 ml) 
1 Cotton (or wool) cloth 
1 Cellulose acetate (or vinylite) strip 
1 Ringstand, 36" 
1 Rod, 24" i 
1 Clamp holder 
Thread, aluminum foil, thin cellulose 
or masking tape 
Electroscopes, several 
(Added material for higher humidity) 
4 Insulators 
1 Capacitor, 20 kv, 500 mmf 
High-voltage source kit: 
4 #6 Dry cells, 15 -volt 
3 Connecting wires, 6" 


IV-2 (2) 


A Spark-Coil High-Voltage Source 


When the humidity is high, or when consistent charging voltage is required, a Ford 
vibrator spark coil can be used as a source of electric charge. Don't try to explain its 
operation; it can be introduced as a "black box." 


` Connect a Ford ignition coil to batteries and a protective resistor as shown in Fig. (a). 
The coil and resistor should be enclosed in a box that permits access only to the protected 
high voltage. 


500 micro-micro-farad capacitor 


(20 to 30 kv rating) 
heavily insulated b E Ww 


high-voltage wires e% ) 


5-10.megohm (2 watt) 
protective resistor 


vibrator 
adjustment 


/ 


REA 


E 
LJ 
a 


three or four #6 dry cells 
or 6-volt storage battery 


Figure (a) 


A high-voltage capacitor is normally used to accumulate a charge from the ignition coil. 
The capacitor is then used to apply the charge to the desired object by direct contact. 


5 To charge the capacitor, hold it by its molded case and touch its two terminals to the 
tips of the high-voltage wires while the vibrator is running. Withdraw the capacitor so that 
Sparks jump to its terminals as it is moved away. The vibrator should be turned off only 
after the capacitor has been withdrawn, The capacitor is now charged to a potential of 
about 3000 volts. The terminal that received Sparks from the red high-voltage wire will 
be positively charged. The other terminal, which was near the black wire, will be negative- 
ly charged. Grasp either terminal (but not both simultaneous] ) depending upon which 


you wish to charge. A single charging of the capacitor will charge a neutral electroscope 
to nearly full deflection about forty times in succession. 
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/ 

The alternating voltage produced by the coil is asymmetrical; the peak voltage on one 
half of the cycle is many times greater than the peak voltage on the other half [Fig. (b)]. 
As the capacitor is removed from the coil terminals while the coil is still on, sparks 
continue to jump until the capacitor terminals are nearly a centimeter away from the coil 
terminals. At this distance, the capacitor is charged only on the highest-voltage half of 
the cycle (wnich is sufficiently high to spark across). As a result, each time the capacitor 
is withdrawn from the terminals (with the coil on), it is charged with the same polarity 
and to nearly the same potential. Reversing the battery polarity reverses thelasymmetry 


and hence the output polarity of the coil. 


time -—-7 


Figure (b) 


es and other objects by the jumping- 


to charge electroscop 
nt, transportable reservoir of charge. 


The coil can be used directly 
es only as a convenie 


spark method. The capacitor serv 


be doubled by 

When voltages higher than about 3000 are required, this value may 
screwing two "lapis together in series and charging them in succession. The voltage 
may be tripled by using three capacitors and the same charging method. 
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IV-3. THE FORCE BETWEEN TWO CHARGED SPHERES 


This is an important experiment and should not be omitted unless the humidity is too 
high. If it is done before Chapter 28 is studied, the student will discover for himself the 


inverse-square nature of electric forces. 

The experiment is delicate and difficult to perform, and the results will probably have 
to be analyzed at home. A few practice runs, taking data but not analyzing it, are advisable 
so a quick final run can be made before leakage becomes excessive. 

n isolated room where there are no air currents, it 
will be necessary to enclose the apparatus in a large cardboard carton in a manner similar 
to that illustrated in Fig. (a). The carton should be at least 12" x 15" x 18". Under very 
humid conditions you can set up the pith-ball arrangement and apply heat to the inside of 
the carton for about three minutes with an infra-red drying lamp (reflector type) before 
doing the experiment. If the effect of this drying wears off before the students can get 


enough data, you can apply the lamp again. 


. hole in back for light 
p mu to enter (about 2"x 8") 
«| — hole about 7 1/2"x 10" 


Unless the experiment is done in a 


cover with sheet of trans- 
lucent 8 /2"xIl^ graph 


paper - scotch tape on top- 
lift up to charge 
opening 6 high - 8" wide suspended ball , ` 


for hand to move objects 


END VIEW: 
light source 


oe 
4 


e 
AN 


wood strip to Fx 
which support 
is fostened 


7 for light 


l object | 
l 


ERE E 


INR poper 


T Figure (a) 
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The pith balls are coated with a colloidal suspension of graphite in alcohol (commercial- 
ly known as "Dag 154") or with India ink. (Aluminum paint is not a good conductor.) A 
single nylon fiber is used to Support the hanging pith ball because it is a good insulator 
and weighs much less than the pith ball. If the Supporting threads are too heavy, they will 


If the humidity is high, it may be advisable to Support the suspending fibers from pieces 
of low-molecular-weight polyethylene. The support for the pith ball that is moved over the 


polyeth“lene insulator 
(sharpened and stuck 
into pith ball) 


———— ——— 


fS 


Figure (b) Figure (c) 


Figure (d) 


IV-3 (3) 


Both spheres are given charges of the same sign by induction as shown in Fig. (d). If 
the spheres are given opposite charges and attract each other, they may swing together, 
touch and discharge, making the experiment more difficult to perform and yielding results 
which are not very satisfactory. The two spheres should be at the same level above the 
table (about 10 cm), and when taking readings they should not be close to the walls of the 
box, the hand, or other objects since induced charges will cause errors. 


The student may find that if he brings the spheres very close together, the inverse- 
square relation seems to break down. This is because the inverse-square law holds for 
point charges. The spheres behave like point charges only when separated by distances 
several times their diameters. When very close, the balls cease to act like point charges 
because of the separation of charge on the spheres by induction. [See Fig. (e).] 


9 10 


0 l REC SCR AONO, 7,558 
1, x10? in cm * 
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Figure (e) 


ng sides of the spheres! shadows equals the 


i ken 
‘of the shadows, the readings of the spheres' positions are ta 
Y be read more accurately than the centers. The shadow 
true distances because similar tri- 


and the shadows. 


Since the distance between correspondi 

separation of 

from these sides because they can à 

distances on the graph paper are proportional to the 

: angles are formed by the light source, the spheres, 


Answers ta Questions 


At the end of the run, the sphere on the table can 
first reading was made. If there has been any leakage, 


will be less than it was originally. dia 
i t, of course, te e stu- 

he forces as a function of separation will not, j 

i algebraic form of the function. However, the force at any distance r 

one-quarter the force at ty and close to (3)? = $ the force at $r; 

P quare dependence, function of (1/r*) 


be moved to the position where the 
the deflection of the hanging ball 


The graph of 
dent at a glance 
should be close to 
This suggests an inverse-S 
should give a straight line. 


and a graph of F as a 
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i ' APPARATUS 
2 Balls, lightweight, $" dia. 
1 Clothespin, pinch 
Insulating strip 
Nylon filament, 24" 
Ringstand, 24" 
vins eer or 1 cardboard carton 2' x 2' x 2' 


Piece heavy cardboard 
Board 1" x 1" x 12" 
Point source lamp with socket, cord, and support 
Pieces rectilinear graph paper 
Quick-drying glue 
Cellulose or masking tape 
Translucent rectilinear graph paper 
Dag 154 alcohol suspension of graphite 
(Added material for high humidity) 
1 Capacitor, 20 kv, 500 mmf 
High-voltage source kit: 
4 #6 Dry cells, 14 -volt 
3 Connecting wires 


DNO pet pub pd pud paeh panh I 
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IV-4. THE ADDITION OF ELECTRIC FORCES 
The purpose of this experiment is to show the vector n 
ature of electric forces. Thi 
EI essei concept. Nevertheless, the experiment is given a low priority because it is i 
icult to perform and analyze; charge leakage limits the accuracy to 10 per cent at best. 


To reduce air currents it will be necessary to enclose the pi! 

shown in Fig. (a). This carton is similar to the one used in Tia tent T poti that 
the light is admitted through a circular hole about 3 inches in diameter in the top of the 
box, and the viewing hole at the side is covered with transparent material. The nylon 
thread that supports the pith ball can be suspended from a thin wire laid across the hole 


and resting on polyethylene blocks. 


light source 
uy. 
fy 
aT, 


\ hole in top for 
light to enter 


\ insulator to support 


thin wire 


END VIEW: 


single nylon 
fiber 


hole for viewing — covered with a 
sheet of transparent material 


graph poper 


clothespin with 
insulator and pith boll 


Figure (a) 


The two other pith balls can be suspended with clothespins and thin insulators of poly- 
ethylene. Charge leakage during the experiment should be checked in the same way as in 


Experiment Iv-3. : 
the shadow of the suspended pall on a second 


The students should record the positions of 
piece of graph paper outside the box, S0 that it will not be necessary to reach inside the 
box except to move the other balls. 

When both spheres A and B are used sim 
(or B and C) will be different from the distance obtained when either A or B alone inter- 
acts with C. To compute the forces between A and C and between B and C at these new 
distances, the student must use the inverse-square law. It may be worth while to present 
the following method of analysis to the class: 

We first measure the deflection of sphere C by p alone [Fig. (b)]; 
p. we find a deflection dg- Similarly we measure the deflection of C 
(Fig. (c)] and tind a deflection d, with a separation I, - 


ultaneously, the distance between A and C 


with a separation 
by sphere A. alone 
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rest position 
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A 
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Figure (b) 


Figure (c) 


If both spheres A and B act on C [Fig. (d) 
rations R, and R,. 


], we measure a deflection D with the sepa- 
be in the same positi 


(Note that when Spheres A and B both act on C, they do not have to 
ons they occupied when each acted alone on Ç). 


Ra 


rest position 


of C Oui 
D 


Figure (d) 
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Using Coulomb's law, we can express the force F, that A exerts on C when B is 
present in terms of the force f, it exerts when B is not present, 


A re 
A-A. 
fa R, 
Since the forces are proportional to the deflection: 
id D, r 
hod R 


where D, 1S the deflection of C if A and C were a distance R, apart and B were not 
present. D, is, of course, not observed directly because A and C are R, apart only when 


B is present. 
Similarly, for sphere B we have 


The two hypothetical displacements, D, and D, which are proportional to the forces 
exerted by A and B, are vector components of the net displacement D of ball C. We can 
find the vector sum of D, and D, and compare it with the observed deflection D. 


Answers to Questions 


To measure the effect of one charge only, the other one should be moved to infinity. 
In practice, "infinity" is reached as soon as the force from the charge being moved away 
the charge under investigation. This will be the 


is small, say p the force exerted by 
case if the:distances are in the ratio of about 10:1. It will suffice to move one charge out 


of the cardboard box. 
Induced charges on a hand will deflect the suspended sphere. The hands should be kept 
t disturbing the position of the suspended ball. : 


out of the box to preven 
From the analysis, using the inverse-square law, one concludes that electric forces add 


vectorially. 


APPARATUS 
Same material as in IV-3 plus: 


1 Ball, lightweight, i" dia. (3 total) 
1 Clothespin, pinch (2 total) 
1 Insulating Strip (2 total) 
Protractor 
Ruler 
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IV-5. POTENTIAL DIFFERENCE 


A quartz-fiber electroscope is essentially a voltmeter of nearly infinite resistance. 
In this experiment it is used to show that a battery is a source of constant voltage (Sec- 
tion 29-7). The experiment can be done just before or at the same time as the class 
discussion of this section. It is short and qualitative, and can be done during the regular 
class hour. 


The fiber electroscopes used in this experiment are pocket dosimeters commonly used 
to detect radiation exposure. Those supplied to high schools by the Office of Civil and 
Defense Mobilization are satisfactory. Do not attempt this experiment with an ordinary 
electroscope, which requires dangerously high voltage. 


The Civil Defense dosimeters are supplied in three ranges, 0 - 200 milliroentgens, 
0 -20 roentgens and 0 - 100 roentgens. All three instruments have about the same size _ 
chamber, but the higher-range instruments contain built-in capacitors requiring more total 
ionization to discharge them [Fig. (a)]. When used as electroscopes, they will all have 
roughly the same voltage calibration (about 80 - 170 volts from one end of the scale to 
the other). 


The insulation inside the dosimeter, around the fiber support, is kept clean and free 
from moisture by enclosing it in a chamber sealed off from the atmosphere [Fig. (a)]. 
Contact to the fiber support is made by pushing pin A until it touches the conductor lead- 
ing to the fiber support. As soon as pressure is released, pin A retracts and the fiber- 
support lead is isolated from insulators that are exposed to atmospheric contamination. 
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iber support 


Figure (a) 


as a continuously reading electroscope, mount it so that a probe 
Ns e inimi: pin A with suíficlent pressure to insure contact to the fiber- 
support pin [Fig. (b)]. The nut B can be tightened by hand to move the bellows and make 
contact. Caution: If the nut is tightened too much, the instrument may be broken. 
window or an in- 
eter in its mounting can be clamped horizontally, facing a 
pe diu to illuminate the fiber and scale. oid ^w serie RA re de 
se to the dosimeter since the alternating fle surroundin 
paged ee vibrate 120 times per second and appear as a nearly invisible blur against 


the scale. 
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NUT B 
(5/16" hex nut) 


wosher between nut and 
top of insulating cylinder 


restraining polyethylene end of 
shoulders in block ed insulation dosimeter 
robe lead 


SIDE VIEW BOTTOM VIEW 


Figure (b) 


When the dosimeters are uncharged, the quartz fiber is off scale to the right. When 
the charged plastic strip is moved up to the dosimeter probe, the fiber moves across the 
Scale to the left. If the plastic is moved too rapidly, the fiber will run off scale and will 
not be seen. (The instruments are very rugged and there is little danger of damaging 


them by overcharging.) 

A string of 45-volt batteries can give dangerous shocks, and the 1-megohm protective 
resistor should always be connected in series, at the battery terminal, with the dosimeter 
and associated apparatus (Fig. 1). Since the resistance of the dosimeter is nearly in- 
finite, this will cause no error in voltage readings unless the dosimeter case is touched 
with one hand at the same time the probe is touched with the other, giving a low shunt 
resistance that will make the dosimeter's voltage readings low. To prevent this, the wire 
from the protective resistor to the probe should not be touched when it is disconnected 
from the probe. If a clip is used to connect to the probe, it should be lightly wrapped 
with insulating tape. If a wire with a bare, hooked end is hung from the probe, it can 
easily be removed while holding the wire where it is insulated. 

The dosimeter scale can be calibrated in 224-volt steps from the battery. The cali- 
bration is not actually needed in this experiment, but calibrating the instrument helps to 
convince the student that an electroscope is really a voltmeter. 


Answers to Questions 


When a piece of charged plastic is brought near the probe of an uncharged dosimeter, 
the fiber appears on the right-hand end of the scale and moves across to the left (and 
possibly off scale) as the plastic is brought closer, showing that the dosimeter responds 
like an ordinary electroscope to the presence of charged objects, 


€— HOP a PES 
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With the dosimeter charged and the battery removed, both the charged plastic and the 
close proximity of the (neutral) hand will alter the reading of the dosimeter. With the 
battery connected, neither the charged plastic nor the hand changes the reading of the 
dosimeter. One concludes that the battery is a source of constant potential difference. 


When a dosimeter is connected to a pair of plates separated by insulators and is then 
connected to a battery, changing the plate spacing does not affect the dosimeter reading. 
With the battery disconnected from the charged plates, the dosimeter reading changes when 
the plate spacing is changed. (The low-range dosimeter, because of the low capacity with 
which it shunts the plates, shows the greatest change.) The conclusion again is that the 
j battery maintains a constant potential difference. 


The relation between potential difference, charge, and capacity is not dealt with in the 
text and should not be elaborated on. The student is expected to understand only that, when 
charged conductors are moved to different positions near each other, electric forces re- 
distribute the charges on them. 


The students can use the dosimeter and battery to identify, in terms of the conventional 
names, the charge on vinylite and cellulose acetate. The dosimeter is first charged with 
the plus terminal of the battery connected to the probe (through the 1-megohm resistor !) 

| and the minus terminal connected to the base. The battery is then removed and the direc- 
| tion of motion of the fiber observed when the charged plastics are brought near. 


APPARATUS 


Dosimeter 

Dosimeter adapter ` 

45-volt batteries (several students may use the 
same battery) 

Megohm resistor, 3 watt 

Connecting wires, 6" 

Clip leads, 2' 

Cotton (or wool) cloth 

Cellulose acetate (or vinylite) strip 

Metal plates, 6" square 

Insulators, thin strips 

Insulating handle 

Masking tape 

Standard electroscope can be used for second 
part of experiment instead of dosimeter 


D e 
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IV-6. | 
THE CHARGE CARRIED BY IONS IN SOLUTION 


This is the only experiment that deal 
r S directly with the atomicity of t 
and thus has a high priority. It should be done after Section 29-4 AM ross dig 


E p hes M Low the dilute acid yourself before the laboratory period. Be sure to 
suture d dtd ee coe ee of heat are generated when concentrated 
your students on the proper handling of deel DS Se ae ica i 


The anode should be cut from very thin cop 
i per sheet so the small loss in its mass 

brea with the recommended current and time will be a reasonable fraction of its 
nd os Soldered connections to the anode and cathode may cause unwanted chemical 
S . To avoid having solder in the liquid, cut the anode in the shape shown in 

£. (3), making the narrow strip just long enough to hang over the edge of the dish. For 
a cathode connection, wrap the copper wire around the end of the cathode and pinch the 
wire tight with pliers. The copper wire to the cathode should be covered with waterproof 
plastic insulation so hydrogen will not be liberated in the acid outside the flask. 


#28 gauge soft copper EN 


long enough to T 
bend over edge of dish 


Figure (a) 


The copper anode and cathode can be scoured with fine sandpaper or steel wool and 
then wiped clean. The anode should be weighed after cleaning. At the end of the experi- 
ment, the anode should be rinsed and cleaned with water and a soft rag and then dried 
carefully. If a brown coating appears on the anode, it should be rubbed off, but the anode 


should not be scoured lest some copper be removed. 


The power supply used must be capable of delivering 5 amperes at about 12 volts. The 
anode will lose approximately 1.5 grams if 5 amperes flows through the solution for about 
15 minutes. During the same time about 500 cm? of hydrogen will be collected. The ac- 
curacy of the experiment does not warrant determining the loss in mass to more than two 
significant figures. 

X the students are sufficiently 
familiar with the general gas law, 


Table 1. Saturated Vapor Pressure of Water corrections can be made for pres- 
: sure and temperature. The pressure 
Temperature Vapor Pressure inside the flask includes the satu- 
o rated vapor pressure of the water 
= T vps me de a which must be subtracted from the 
25 23.1 total pressure to obtain the true 
30 31.7 hydrogen pressure. The saturated 
35 42.0 vapor pressure of water as a func- 
55.1 tion of temperature is given in 
bor Table 1. 
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The following is a Sample analysis of actual data obtained in this experiment: 


Data: 
Current I - 4.8 amp 
Time At = 13.5 min = 810 sec 


Decrease in mass of anode AM - 9.8 gm — 8.4 gn = 1.4 gm 
Volume of hydrogen V, = 0.525 liter 

Temperature T = 21°C 

Atmospheric pressure P, = 750 mm of mercury 


Charge Transferred: 
Charge Transferred 
q = 6.25 x 105 It = 6.25 x 10'* x 4.8 x 810 = 2.4 x 10°? elementary charges 


Moles of Copper Ions: 
4 


Ns AM Bagel Oh: St 
Cu ' at. mass of Cu 63.5 ^ 0.022 moles 


Number of Copper Ions: 


Ne, = (Avogadro's No.) x nc, = 6.02 x 10** x 0.022 = 1.3 x 10?? ions 


Number of Elementary Charges per Copper Ion: 
ety vharges per Copper Ion: 


22 
q . 2.4 x 10 x 
Re. 13 x 102 1022 1.822 elementary charges per ion 


a 


n 


Number of Elementary Charges r Hydrogen Ion: 


Without making temperature and pressure corrections, the charge per hydrogen 
molecule is 
2.4 x 10?? x 22.4 


a- 4 = 6.02 x 1023 x 0 còs = 1.7 elementary cha: lecul 
23 = 1. y charges per molecule. 
nu . 6.02 x 1023 x V 6.02 x 1023 x 0.525 


But two hydrogen ions are needed to form one molecule; therefore, the charge carried to 


the cathode by each hydrogen ion is LI = 0.85 = 1. 


Pressure and Temperature Corrections for the Volume of Hydrogen 
From Table 1, we find a water-vapor pressure of 19 mm of mercury at 21°C. Thus 
the partial pressure P, of hydrogen in the flask is the atmospheric pressure P, minus 


the water-vapor pressure. Substituting in the general gas law gives the volume of hydrogen 
V, at S.T.P, 
2 


PT (750 — 19) x 273 
= 1 = = i 
2 BT. ! ^ 760 x QT3 « 20) 27 * 0.525 - 0.470 liter 


This corrected value for the volume gives 1.9 charges per molecule, a little closer to 2 
than the uncorrected value. 


It should be noted that all but the most expensive ammeters are likely to have sys- 
tematic errors due to inaccurate calibration, Though meter errors are likely to be small 
Sa eae to other errors, your meters should be checked against some reasonably accurate 
s d. 


Answers to Questions 


. The number of elementary charges that passed through the solution equals the current 
in amperes x the time in seconds x 6.25 x 10/9. 


The number of moles of copper ions formed equals the mass of copper in grams lost 
by the anode divided by 63.5, the atomic mass of copper. The number of copper ions 
equals the number of moles of Copper times 6.02 x 10?* (Avogadro's number). 


V. 
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The ; 
MN veda E Seeauipeio ‘made in calculating the number of charges carried by 
Studente WDR LE copper ions carry the same number of elementary charges. 
Mer o c emistry know that there are two common copper ions, Cu* and 
this. experhncut Sd pied s eod in in text to tell them which ion forms in 
s UD ue ween 1.0 and 2.0 for the charge carried b 
copper ions, they are justified in makin i aha 
, l g the hypothesis that bo * ts 
formed to give an average value between 1.0 and 2.0. UI 


E o charge is carried by each hydrogen ion. If a value of less than 1 is 
ed, i.e., 0.88 in the sample analysis, it must be concluded that one charge is carried 
per ion because if some ions carried one charge and others none, the "ions" without 
charge could not be attracted to the cathode and would not be liberated (they wouldn't be 
ions!). A value greater than 1 could not indicate the existence of hydrogen ions of charge 
+2 since hydrogen atoms have only one electron. Another important assumption to be noted 
is that both copper and hydrogen ions are single atoms, not clusters of two or more. This 
is no assumption, however, for students who have had chemistry. 


To show that m = aq, the experiment should be repeated with different currents and . 
times. Fresh acid should be used each time the experiment is done to prevent copper 
from depositing on the cathode. 

The value of @ for copper is the atomic mass of copper divided by the number of 
charges carried by copper ions; the value of a for hydrogen is the atomic mass of hydro- 
gen divided by the number of charges carried by hydrogen ions. The ratio Qc, /Q,, is 36.8. 


We have m 
q 


mass of ion x number of ions 
charge on ion x number of ions 


Hence, ae mass of ion DE 
charge on ion 


The charge on the ion expressed in elementary charges turns out to be a small whole 
number, showing that it comes in multiples of the elementary charge. 


Very little copper deposits on the cathode if there are few copper ions in solution and 
the anode is not close to the cathode. If copper should deposit, electrons taken up by the 
copper ions will not be available for liberating hydrogen, and too little hydrogen will be 
collected, giving a value for the charge carried by each hydrogen ion that is greater than 1. 


APPARATUS 
3 Clip leads, 2' 


1 500-ml flask 
1 Ringstand, 24" 1 Liter 5% sulfuric acid 
1 Ring clamp (to fit flask as shown) DC current source: 5 to 10 amp (6 - 12 
1 Safety bottle (see Fig. 1) volt); this can be used simultaneously 
1 Rubber stopper, 2-hole (to fit safety for several setups 
bottle) 1 Ammeter, 0 - 10 amp 
Flask clamp ^ , 1 Variable resistor (to regulate the current 
above) 


Clamp holders 

Brick or C clamp 

Pieces standard glass tubing (bent as 
shown in Fig. 1) 

Rubber tubing, 1' to 2' (to fit glass 


Several beakers, 500 or 1000 ml 
Several graduates, 500 or 1000 ml 
Fine sandpaper or steel wool 


[M Ne 


tubing) Pan balance 
1 Pinch clamp i Paper towels 
Copper sheet, #28, about 1" x 6" Soft rags 
1 Glass tray (see Fig. 1) Pliers 
1 Insulated wire, 2' : Clock 
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IV-T. THE MAGNETIC FIELD OF A CURRENT 


the analysis by vector diagrams or simple trigonometry is short. The experiment shows 
that magnetic fields add vectorially and are proportional to the current that produces them. 


A square, rather than a circular loop of wire is used because it is easier to make. 
The entire 30 feet of wire should be used throughout the experiment. This will insure a 
constant current in the wire provided the total battery drain is not excessive. The small 
(#41) flashlight bulb limits the current to about 0.3 ampere with a single #6 dry cell. 


I 
| This experiment should be done before Section 30-3 of the text. It is easy to do, and 
| 


PLANE turns (North) 


I r5 Lai caet 
OF COIL 


Figure (a) 
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As an indicator for the magnetic field, one can use either a small magnetic compass 
of about 5 cm diameter or the compass whose construction is described below. 


The angles can be read directly from a small compass if it has a scale divided in 
degrees. The compass should be tapped lightly before taking each reading to prevent 
errors due to friction. If the pivot is not centered with respect to the scale, the deflec- 
tions can be read at both ends of the needle and the average of the two readings recorded. 
The experiment can be done using only graphic methods in the taking of data and in the 
analysis, or by reading angles in degrees and using simple trigonometry to find the field 
strength. 


The direction of the compass needle can be indicated by putting dots on the paper at 
the ends of the needle. 


The data can be analyzed as shown in Fig. (a). The direction lines of the compass 
needle for different numbers of turns should mark off equal segments on a line drawn 
perpendicular to the zero current line. Each of these segments corresponds to the field 
added as another turn of wire is added to the coil. 


If the deflection angles of the compass are measured in degrees, the data can be 
analyzed [Fig. (b)]; the constant horizontal component of the earth's field Be, the field 
due to the current B., and the angle which the needle makes with its zero position are 
related by B, = B, tan 8. Plotting tan U as a function of the number of turns of wire 
will give a straight line. 


Some students may object to the statement in the Laboratory Guide that the current in 
the coil can be increased by increasing the number of turns. The important point is that, 


Answers to Questions 


The field in the center of the coil due to the current is perpendicular to the plane of 
the coil. Reversing the current through the coil reverses the direction of the field. 


A sed magnitude of the magnetic field is proportional to the total current flowing around 
e coil. ; 
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Winding turns in opposite 
directions will 
field will be due to the excess number of Le dat ame ipai gp i 


" 


It is 
possible to measure the field even if the compass needle is not parallel to the 


plane of the coil, but reversin 
1 g the current will i 
In this case, the graphical method is much Seet EEA AVE EN 


The strength of the ma, 
of the e ED gnetic field of the compass needle does not influence the results 


Figure (c) 


APPARATUS 


1 Tangent galvanometer kit which includes: 
Insulated wire, 30' l 
1 Magnetic compass 

1 46 Dry cell, 12 -volt 

1 Flashlight bulb, #41, and socket 

1 Sheet polar or rectilinear graph paper 

Alternate for light bulb: 

1 Variable resistor, 10 ohm, 4 watt 


1 Ammeter, 0-3 amp 
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Homemade Compass 
A cork, a needle, copper wire and a circular plastic box will make a sensitive compass f 
that can be used in Experiments IV-7 and IV-8. 


Magnetize a sewing needle (about 3 cm long) by stroking it with a Strong permanent 
magnet. Or you can hold it next to a pencil and wind about 20 turns of insulated wire 
around both; connecting the ends.of the wire for a second or less across a 1.5 to 3-volt 
battery will magnetize the needle. 


Cut off the upper end of a small cork (£" diameter at bottom) so its height is 4". 
Center the magnetized needle in a knife cut made on the bottom of the cork along a di- 
ameter, as shown in Fig. (d). : j 


magnetized 
plastic box needle 


copper wire pointer 


Figure (d) 


Straighten a length of 418 or 420 bare copper wire by fastening one end in a vise and 
pulling on the other end until the wire starts to Stretch. Cut a length of straightened wire 
about 4" shorter than the inside diameter of the plastic container and center it in the slot 
at the bottom of the cork just beneath the magnetized needle. 


Float this assembly in water in a circular plastic box. To keep it centered in the box, 
fasten a piece of copper wire vertically to the center of the cork so it protrudes through 
a small hole drilled in the lid of the box. 


The question may be asked why a long magnetized steel wire cannot be used in this 
compass instead of the short magnetized needle and the long nonmagnetic indicator. This 
is because the magnetic fields investigated are usually not uniform over large areas. A 
long mag:etized wire would not measure the field at the center of the compass. Since it 
is difficuli to determine directions with a short magnet, a long nonmagnetic indicator is 
used as a pointer. 
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IV-8. THE MAGNETIC FIELD NEAR A LONG, STRAIGHT WIRE 

bos is the only experiment in which the dependence of magnetic forces on distance is 
investigated. Furthermore, it is easy and gives accurate results. It is most appropriately 
done before Section 30-4 is assigned. 


The vertical section of wire must be long, extending, if possible, as far above the 
table as the table is above the floor. The effect of iron objects in the vicinity can be 
checked by moving the compass along the graph paper with no current flowing in the wire. 
If the compass shows no change in the direction of the earth's field as it is moved out 
20 cm along the paper from the wire, it can be assumed that there will be no error due 
to neighboring iron. If there is much iron in the table, it may help to use the nonmagnetic 
coil frame used in Experiment IV-7. 


The compass should be handled as in the preceding experiment. For the reading at 
minimum distance, the homemade compass is placed with its case in contact with the 
wire, since the magnetic needle is short and will be far enough from the wire to avoid 
the errors mentioned in the Laboratory Guide. If time permits and greater accuracy is 
desired, the current through the wire can be reversed at each position of the compass to 
give deflections in opposite directions. 


N 


.5 cm. from 
wire 


Bee 
ae 


ES 
p 


strength 


field 


tan@ œ 


0.2 (over 0.4 


reciprocal of distance from. wire (cm7!) 


Figure (a) 
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Figure (b) 


i porollel wires 


Figure (c) 


If a 5-ampere D.C. current source with a self-contained rheostat and ammeter is not 
available, batteries or other power supplies can be used. Students may have to be shown 
how to connect a rheostat and ammeter in series with the vertical wire and power supply. 
Dry cells are not recommended for this experiment, since they are expensive and deterio- 
rate rapidly when supplying large continuous currents. 
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Answers to Questions 


The strength of the field in terms of the horizontal com onent of th 

the earth is inversely proportional to the distance from iis wise len tor rey fusi 
determining the field strength at different distances and then drawing a graph of field 
strength as a function of the reciprocal of the distance from the wire. If data is taken 
with the compass too close to the wire, the curve will deviate from a straight line at 
ie M as shown in Fig. (a). The shorter the compass needle, the less the error 


Because iron becomes magnetized, even by the earth's field alone, close proximity will 
produce an additional unknown field. Similarly, the close proximity of the rest of the wire 
in the circuit would add unwanted fields to the field being measured. 


If the wire were only 20 cm long, the field would drop off faster than inversely with 
the distance. Students should be encouraged to check this experimentally if time allows. 
Fig. (b) illustrates. the situation. The field at the point M is primarily due to the current 
in the wire in the vicinity of O, because the distances MB and MC, for example, are 
already several times larger than MO, and therefore the current at B and C will contribute 
very little to the field at M. Whether the wire extends to A and D will have little effect 
on the magnetic field at M. On the other hand, the distances AN, ON, and DN are about 
the same; therefore the sections AB and DC of the wire will contribute significantly to the 
magnetic field at N. Shortening the wire will decrease the field at N. Hence, for the short 
wire the field will drop off faster than inversely with the distance. 


A current one hundred times as large would make the field about the wire very large 
and give compass deflections so close to 90° that the small changes in angle as the com- 
pass is moved out to 20 cm from the wire could not be measured accurately. If the cur- 

hundred times smaller, the maximum deflection would be only a fraction of 


rent were one 
a degree and the changes in deflection could not be measured accurately. 


ex m mis diim imo. adele 


If the laboratory tables cannot be moved to make their edges parallel to the earth's 
field, it will be necessary, in the last part of the experiment, to clamp a properly oriented 
board to the table edge as shown in Fig. (c). Computed graphs of the field strength as a 
funetion of distance are shown in Fig. (d). This part of the experiment is intended only 
for those students who wish to find out more about the fields surrounding wires. Some 
students will be able to predict the results by the superposition of the two fields before 


they do the experiment, as Wa$ done in drawing Fig. (d). 


APPARATUS 


1 Magnetic compass 

Insulated wire, 30! #18 stranded 
2 Sheets rectilinear graph paper R 
1 Ringstand, 36" 1 
1 Clamp holder 


1 Meter stick 
1 DC current source, 5 amp (6 to 12 volt); this source may 


be used simultaneously for several setups 
1 Ammeter, 0- 10 amp 
1 Variable resistor (to reg 
2 Bricks 


ulate the current above) 


1€ clamp 
1 Board 2" X gv x 12" 
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Figure (d) 
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IV-9. THE m 
MEASUREMENT OF A MAGNETIC FIELD IN FUNDAMENTAL UNITS 


In addition t 
only PESE. oe a unit of magnetic field strength in familiar units, this is th 
TSG. ERIS exact magnetic forces are measured. Consequently, it has a high i 
xperiment can be done after the topic is studied in the text ; 


The coi 
Bie rr eie up e a colar qnt ie pp 
be. identified when used Aen ere their characteristics are different, so they can 


In Fig. ; 
uu db ia ed MET es Manual, the loop and coil are shown connected in parallel 
permit absent , each having a variable resistor and an ammeter in its circuit to 
eae pet pen Rue of their currents. This arrangement will be most easily under 
URS Sicil à E À = m "E ER M and ammeters, the apparatus can be. , 
; A s circuit is used, it will 
make several determinations of a given field in the coil by varying the Miri As bee 


volts D.C. 


rheostat 
4-6 ohms 


Figure (a) 


For the accuracy of the experiment, the wire or string can be assumed to be uniform 
in cross section, and the mass of the short length of string can be calculated from the 


mass of several meters of string. 
The length L of the straight end of the 

distance between the centers of the strips forming the sides of the loop. 
Notice that a systematic ‘error can occur if the ammeter's calibration is off. 

Answers to Questions 
The ratio of the field strength of the coil to the current in the coil is constant. 


Although the current-carrying loop can be balanced in the magnetic field near a small 


magnet, the measured value of the field strength will be hard to interpret since the field 
about the magnet is far nces comparable to the dimensions of the 


from uniform over dista: 
loop. We would have no idea at what point near the magnet the field would have the 
strength we calculated from the balancing force on the loop. 


loop (A in Fig. 1) should be measured as the 


IV-9 (2) 


In principle, the balance could be used to measure the field of the earth which is uni- 
form over large distances, but the earth's field is so weak that, without using excessive 
currents through the balance, the force is too Small to measure. Students might try this, 
however, to see if any motion of the balance can be observed. If more than 5.0 amperes 
are used in the loop, the contacts will become hot and corroded. A piece of fine sand- 
paper or emery cloth will clean the contacts. $ 


If iron wire is used in the loop, it becomes magnetized and adds an unknown field to 
the field being. measured. 


APPARATUS 


m 


1 Air-core solenoid 

1 Current balance and contacts 

1 DC current source, 0-10 amp (6 to 12 volts) this can 
be used Simultaneously for several setups 

2 Ammeters, 0-10 amp 

2 Variable resistors (to regulate the current above) 

8 Clip leads, 2' or 3! 


Pan balance (sensitive to 0.1 grams) 
String 


Ruler or meter stick 
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IV-10. THE MASS OF THE ELECTRON 


This is a very fundamental experiment which clearly shows how the mass of the elec- 
tron can be determined by simple means. The best time to do the experiment is near the 
end of Chapter 30 after Section 30-8 has been discussed in class. 


The conditions inside the 6AF6G tube are more complicated than described in the 
Laboratory Guide. The tube elements and their supports are slightly magnetic, introducing 
a small amount of distortion in the magnetic field. In addition, since the accelerating elec-. 
tric field extends from the cathode to the anode, electrons in the beam are not moving at 
constant speed while being deflected by the magnetic field. However, due to the "geometry" 
(the size, shape, and spacing of the elements) of the tube, most of the increase in speed 
takes place before the electrons move out from under the center cap. Both the magnetic 
distortion and the change in speed during deflection result in a mass determination in er- 
ror by a factor of 2 or 3, but the mass of the electron is determined to the right order 
of magnitude, 107% kg. This is a very important accomplishment- when measuring such a 
small mass. 


Note that the pattern we see is not the path of the electrons, but the end point of the 
paths of many different electrons as they hit the conical target. 


It may be asked why the helical grid surrounding the cathode cannot be connected to 
the anode so the electrons will gain all their kinetic energy between the cathode and this 
grid and move at constant speed from it to the anode. As a careful examination of 
Fig. 1(b) shows, this grid is internally connected to the cathode. 

The filament supply for the 6AF6G tube is 6.3 volts at 0.15 amp. Batteries or a fila- 
ment transformer can be used, or the filament can be operated from the 110-volt A.C. 
line, using a 15-watt, 110-volt incandescent lamp as a potential-dropping resistor as 


shown in Fig. (a). 


90-250 volts DC 1 


110-120 volts AC 


15 watt-110 volts AC 
light bulb 


Figure (a) 
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It is also possible to use 110 volts A.C. for the anode voltage. One still sees a sharp 
Shadow with the rapidly changing anode voltage due to the persistence of vision and the 
increase in brightness of the beam as the anode potential increases. The peak voltage 
should be used as the potential difference in the calculation. These points are difficult 
to explain to the student at this time, and therefore D.C. is to be preferred for the anode 
voltage. 


When wiring the circuit, remember that the pin numbers on the tube socket shown in 
Fig. 4(a) of the Laboratory Guide apply when looking at the bottom of the socket, not 
when looking down at the top. 


The voltages used in this experiment are dangerous. Be sure precautions are taken N 
to avoid shocks. K 


The solenoid used here is the same as that used in Experiment IV-9 and currents up 
to 5 amperes will be needed. A low-voltage D.C. supply operating from the 110-volt A.C. 
line can be used for the solenoid current, but these supplies are sometimes poorly filtered. 
_In Experiment IV-9 this was not noticeable because of the inertia of the wire loop, but 
electrons will follow the rapid fluctuations in the magnetic field and the edge of the shadow | 
will be fuzzy. Hence, it may be necessary to use a 6-volt storage battery. Do not use i 
dry cells; they won't last long with the currents used. 


Consistent units must be used in the analysis. To obtain the mass m in kilograms, 
measure R in meters, goa coulombs, B in newtons/amp-meter and V in volts. The fol- 
lowing data were taken an experiment: 


Coil constant, B/I = 3.6 x 107° newton/amp° -meter 


I =3 amperes 

B = 10.8 x 107? newton/amp-meter 
V = 135 volts 

R =5 x 107” meter 


Substituting in the equation for m in the Laboratory Guide, we find a value for m of 


_ B’gR’_ 1.2 x 10^ x 1.6 x 10^ '* x 25 x 107° 


» 270 


m = 1.8 x 10 °° kg. 


Answers to Questions 


It is possible to use the earth's magnetic field to deflect an electron beam. With a 
vertical ‘component of the earth's field of about 5 x 10 ? newton/amp-meter and an ac- 
celerating voltage of 100 volts, the radius of the circle in which an electron beam will be 
bent is about 67 cm. Consequently, we would need a tube at least one meter in diameter 


if we wanted to use the same method. However, such a deflection can easily be measured 
in a straight tube. 


Using the free fall of an electron to determine its mass is theoretically sound but im- 
practical. An electron gains a very high velocity for even very small accelerating poten- 
tials, and it would travel a very long horizontal distance before "falling" a measurable 
distance. We would have to determine its "initial" velocity from the distance it had fallen 
and compute the, mass from mv^/2 - qV. An electron accelerated through a potential dif- 
ference of only 1 volt will acquire a velocity of nearly 6 x 10° meter/sec. During 725 sec 
it wil travel a horizontal distance of 6,000 meters and will fall under gravity a distance 


of 4.9 x 10 * meter, or about 0.5 mm. Obviously, this will make it impossible to perform 
any experiments of this nature. > 
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APPARATUS 


Air-core solenoid 


1 
1 Mass-of-the-electron apparatus 

4 45-volt batteries (dry cells) or power supply 

1 DC current source; 0-5 amp with at least a 6-volt tap for filament 


supply; this may be used 
Ammeter, 0-10 amp 


simultaneously for several setups 


Variable resistor (to regulate the current above) 


1 

1 

4 Clip leads, 2' 

: Ruler or meter stick 


Set of wood dowels of various diameters 


Design of Solenoid 


You can make your own coil as in Fig. (b). 


center of the coil to the current is abo 
10 per cent). 
ly long coll gives 4.0 x 10? 


The ratio of the field strength in the 


ut 3.6 x 10 5 newtons/meter(amp)* (plus or minus 


Computing this ratio from the geometry of the coil and assuming an infinite- 
newtons/meter (amp)^ . 


if corrections are made for the finite 


length of the coil, this computed value will come closer to 3.6 x 10? newtons/meter amp)". 


central tube - wall thickness 
not to exceed "e" 


flat head screws 
to terminal posts 


nen sue cos 
^terminal post 


x. igid fiber or 
not critical, must be rigi Rosone 
and securely glued to 


central tube 5 layers *16 


enameled copper 
wire 


Figure (b) 
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IV-11. RANDOMNESS IN RADIOACTIVE DECAY 


Radioactive decay and the emission of light atoms have the common property that 
they can be described only in statistical terms. zia is, individual atoms i lal decay 
at random; the time of individual decay can be neither predicted nor controlled. We can 
predict only the average behavior of a large number of them. This is the only experiment 
in the entire course. where the student can investigate this randomness. That is the sole 
purpose of the experiment. The experiment may be done during the study of Chapter 33 if 


one limits the emphasis to the randomness, or it may be postponed until one wants to 
study radioactivity in particular. 


‘ 


To get a reasonable number of counts per second without running the danger of missing 
counts in a burst, have the radioactive sample at such a distance from the counter as to 
give about one count per second. 


One counter can be used and the clicks relayed through a loudspeaker for the whole 
class. (If you have a counter that does not include an amplifier and loudspeaker, use the 
sound amplifier in a movie projector.) In this case, students should start their graphs of 
average counting rate versus total number of counts at different initial times, say a minute 
apart. Comparing these graphs, they will then find that, although the individual graphs look 
very different at the beginning, they all converge to the same average counting rate. 


It is not necessary to count continuously for 20 minutes. A few breaks will make it 
easier, and the duration of the breaks will have no effect on the final counting rate. 


The analysis takes a long time. To speed up the numerical work, have students work 
in pairs, one adding and one dividing, to find the averages. Figs. (a) and (b) show the re- 
sults of an actual experiment. 


30 - 


25 - 


INTERVALS 


20- 


OF 


NUMBER 


ESTIMATE OF AVERAGE 
rCOUNTING RATE 
| (2B COUNTS PER INTERVAL) 


1 
0 2 4 6 B 19 e 
CLICKS PER INTERVAL 


Figure (a) 
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DECAY 


RATE OF 


AVERAGE 


T 
ie} 200 400 600 800 1000 1200. 
TOTAL COUNT 


Figure (b) 


Answers to Questions 


The average counting rate obtained from the bar graph is within about 10 per cent of 
the computed value. | 


Fc* a small number of counts, the average counting rate changes drastically from 
point to*roint; as the number of counts increases, the fluctuations in the average counting 
rate decrease. The accuracy of the determination of the average counting rate increases 
with the total number of counts used in the computation. From the small and nearly con- 
stant fluctuations during the last few minutes, the student can conclude that counting for 
two more hours will not yield a substantially higher accuracy. He is not required to know 
that the accuracy is proportional to the square root of the total number of counts. 


Assuming that the sample emits particles evenly in all directions, we can estimate 
the fraction hitting the counter by estimating the solid angle intercepted by the counter. 
To do this, we draw an imaginary sphere, centered at the sample, whose surface passes 
through the counter. We then estimate the cross-sectional area of the counter and divide 
it by the area of the imaginary sphere 47R*. The fraction of the total number of emitted 
particles that hit the counter will be equal to this ratio. Another point to consider is the 
efficiency of the counter (though most students should not be expected to know about this). 
Only a fraction of the particles hitting the counter register counts, and the efficiency 
varies widely with different counters and different sources. Alpha particles are not 
counted by most Geiger counters. 
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We cannot determine the half-life of the sample from our measurements. The half 
life of the sample is too long to show a measurable change in the rate of decay in an 
hour. To find it, we must know the number of radioactive nuclei present in the source 
as well as the over-all efficiency of the counting. Knowing the number of nuclei N in the 
source and the number of disintegrations per second AN/At, the half-life is 


qo. 0.693N 
AN/At 


iun is small compared to N. Students, of course, are not expected to know this equa- 
n. 


A half-life of the order of an hour can be found directly by plotting the counting rate 
as a function of time. It can then be seen from the graph that the time it takes for the 
counting rate to drop to half its value (its half-life) is independent of the counting rate 
itself. Plotting the log of the counting rate yields a straight line, the slope of which is 
0.693/ (half-life). ; 


APPARATUS 


1 Geiger counter 
1 Radioactive source (wrist watch with radium dial) 
2 Sheets rectilinear graph paper 
1 Meter stick 
1 Stop watch or watch with sweep second hand 
Amplifier and loudspeaker 
Cloud chamber 
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IV-12. SIMULATED NUCLEAR COLLISIONS 


This analogue experiment, to be done toward the end of the course, lends itself to a 
variety of extensions such as collisions between atomic particles of different masses 
(coins) and collisions with more complicated systems formed by adding more particles to 
a target "nucleus." Only students with a special interest are expected to go beyond es- 
tablishing the range-energy relation and finding the momentum of the "neutral" particle in 
a collision between two particles of equal mass. 


The incline shown in Fig. 1 must be steep enough (about 70°) to justify neglecting 
friction on it. To obtain a reasonably sharp definition of the beginning of the range, the 
radius of the curvature at the bottom of the incline must be fairly small. 


Heavy graph paper may be used on the masonite instead of cardboard. It already has 
lines on it to identify the initial heights. Use worn nickels; they slide better. 


A range-energy relation obtained in an actual experiment is shown in Fig. (a). The 
analysis of a collision is shown in Fig. (b). The range-energy relation is very nearly a 
straight line. Hence, by proper choice of energy units we can have the energy numerically 
equal to the range and measure it in cm. Furthermore, E - tmv? = p*/2m; by choosing 
a unit of mass equal to twice the mass of the nickel we obtain numerically E - pê or 
p= /E =R. Notice that in the collision experiment the incoming nickel has lost energy 
along its horizontal path before hitting the target. Its energy just before collision corre- 
sponds to its residual range, i.e., the range it would have without a collision minus the 
distance from the bottom of the incline to the target. This is analogous to the situation 
in a cloud chamber when the incoming particle loses some of its initial energy by travel- 
ing a considerable distance before a collision. : 


20- 


in centimeters 
a 
| 


cz 


release 


height of 


[9] 5 uA 1o 15 20 25 30 
ronge in centimeters 


Figure (a) 


irectly. This is 


irections of motions d 
ible tracks give the direction nickels 


e to find the relative positions of the 
on of motion and momentum. 


In a cloud chamber, the vis 
not the case in our experiment; here we ‘hav j 
at the instant they collide to determine their directi 
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C Momentum of target particle 
ont? Computed by Conservation of momentum 
AM 


igs momentum. of Incoming Particle : 
e after collision = :0'* 2.45 unie The collision is nearly elastic. The sum 
o of the ranges (energies) after Collision equals i 
% 6.0 + 16.8 = 22.8 x 2511, the residual range | 
3 of the incoming particle. | 
| 
Figure (b) 
APPARATUS 
——— Hl V5 
1 Ringstand, 24" 
Masonite or Wood ramp, 15" x 10" 
1 Sheet smooth cardboard 9" x jon (manila folder) 
veral sheets mimeograph paper 11" x 14" 
3 Nickels 
1 Sheet rectilinear graph paper 
* 1 Ruler 


1 Protractor 
C clamp or brick 


Masking or cellulose tape 


DEMONSTRATIONS D-1 


CHARGE TRANSFER BY AN OSCILLATING PITH BALL 


This demonstration can be done after E 
xperiment IV-1 to illustrate the transf 
Heri Eo hiis 7 Bob ue " STEPA pith ball or a small square of baha foil 
um foil plates as shown in Fig. (a). Give the plates opposite 
NE using charged plastic strips. Allow the pith ball to touch one i the Rune 
hes Tet charged by conduction, be repelled, and fly across to touch the opposite 
- i ere t will lose its charge, become oppositely charged, and again be repelled. 
oscillate back and forth until the plates are nearly neutral. 


if leakage is troublesome 
support thread by taping 
to piece of polyethylene 


small piece of 
aluminum foil or 
a conducting 
pith ball 


hold down weight 


put slab of polyethylene 
insulation between foil 
and beaker if leakage 
is troublesome 


Figure (a) 


s can be charged from a 500 micro-microfarad, 
20,000 or 30,000-volt capacitor that has been charged from a Ford ignition coil as de- 
scribed in Experiment IV-2. Hold the charged capacitor by its insulating case, briefly 


touching its terminals simultaneously to the plates. 


If the humidity is high, the plate 
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A SHIELDED ELECTROSCOPE 
EE LAUSCOPE 


The effect of Shielding may be shown by using two coffee-can electroscopes. Leave 
one of them intact and remove the soda straw and its mount from the other, Supporting it 
with a ringstand and burette clamp in a battery jar as shown in Fig. (a). 


Pass a charged plastic strip around the battery-jar electroscope, letting the class see 
that the soda straw moves whenever the strip is brought near any part of the glass case. 
Now pass the strip around the coffee-can electroscope to show that the soda straw moves 
only when the strip is near the terminal or directly in front of the electroscope. 


terminal 


battery jar or 
burette i large beaker 
clamp 
support 


NUS Figure (a) 


DEMONSTRATIONS WITH THE ELECTROSCOPE 
e S5 ELECTROSCOPE 


Separation of Char e Using Ta 


Two electroscopes, each Wéth a horizontal metal plate attached to the insulated terminal, 
are needed for this demonstration. 


then touched together, both electroscopes will discharge. 


This demonstration Shows that charge Separation depends on close contact rather than 
on rubbing against a force of friction. It also shows that whenever a given amount of 


charge of one Sign is separated from a body, an equal amount of charge of the opposite 
Sign is left on the body. 


— 


Discharge of an Electroscope through a High Resistance 


dis AM d think of electrostatic phenomena as having little relation to the 
pe ue electricity. This demonstration will show that the charge from 
p. c can How in a current similar to the current produced by a battery. 


Te ae hn the rate of discharge from a charged electroscope is negligible. 
has br lei esa a aie Ay 3 to 10-inch piece of magnetic recording tape be- 
l of the e ectroscope and the case. When the elect: i 
Meis a current will begin to flow through the tape, discharging the Ferte in 5 
Seconds, depending upon the initial charge, length of tape, and humidity conditions. 


The Transfer of Charge by an Ionized Gas 


Hold a burning candle or match near the terminal of a cha. 

: rged electroscope. The 
positive and negative ions produced by the chemical reactions taking place at thigh tem- 
perature in the flame will discharge the electroscope rapidly. 


An intense radioactive source will also ionize the gas and discharge the electroscope. 
However, sources strong enough to discharge an electroscope rapidly are dangerous to 
handle. The luminous face of a clock, placed close to the open chamber of an electro- 
scope, will discharge it in about 10 minutes. The glass face should be removed, since it 


stops alpha particles which produce a large fraction of the total ionization. ^ 


DEFLECTING A STREAM OF WATER 


A simple demonstration showing the effect of induced charges can be done by bringing 
a charged rod near a fine stream of water. An eyedropper tube, mounted in a one-hole 
rubber stopper and held in a burette clamp supported by a ringstand, can be used as a 
nozzle to give a fine stream from the faucet. When a charged rod is brought near the 
stream, the stream will be deflected and drops may tear away from it and circle the rod. 


Other, more complex experiments involving the effect of charged objects on streams of 
water will be found in the book "Soap Bubbles" by C. V. Boys, in the Science Study Series. 


TRACKS IN A CLOUD CHAMBER 


The operation of the cloud chamber described below is dependent on the continuous 
cooling and supersaturation of alcohol vapor. $ 


a” 
There is a temperature difference of about 150°F between the top of the box (which is 
at room temperature) and the copper disk at the bottom of the box which is kept cold by 
the Dry Ice and alcohol [Fig. (a)]. Alcohol vapor diffuses downward from the blotting- 
paper ring at the top of the box and becomes supersaturated. Charged particles passing 
through this supersaturated vapor leave a trail of ions which act as condensation nuclei, 
and cloud tracks are seen when the chamber is strongly illuminated. 


Construction of a Simple Diffusion Cloud Chamber 


12 oz. to one pint, wide-mouthed vacuum bottle < Blotting paper 
aid i 4" square of plastic jg" to $" 
plastic food container with the following approximate in thickness 
dimensions; 3" bottom diameter, 4" top diameter, 
1i" deep, no greater than ig" thickness Copper tube, 5" long, diameter 
i" toà" : 
2 4 


Disk of sheet copper, 2i" diameter 
Flat black paint 


Solder the disk of shee 
face of the copper disk with 


Strong light source 


Paint the top sur- 


d of the copper tube. 
es COPPE xc caus th AR aint particle tracks. 


flat black paint to contrast with the white alpha- 


plastic square 


blotting paper soaked 
with methyl alcohol 


radioactive source 


light beam= 


TD 


black copper plate 


clear plastic dish 


denatured 
ethyl 
alchol 


vent hole in stopper 


copper tube 


vacuum 
bottle 


Figure (a) 


One end of the copper tube should be heated in a Bunsen flame' and used to melt a hole 
through the center of the bottom of the plastic container. (If slight cracks occur in the 
plastic, they will not affect the operation.) Then drill or melt a hole of the same size 
through the center of the vacuum-bottle stopper. A small hole drilled between the center 


hole and the edge of the Stopper permits the escape of carbon dioxide from the vacuum 
bottle. 


The container cover is a 4" Square of plastic 7" to i" thick. Snugly fit a $" ring of 
thin Boag paper, ends stapled together, against the inside walls of the food container, 
The assemed cloud chamber is shown in Fig. (a). 


About 3 Ib of Dry Ice, a pint of denatured ethyl alcohol for the vacuum bottle, and a 
W cubic centimeters of methyl alcohol for the blotting paper will keep the chamber in 


peration for several hours. 


Use of the Cloud Chamber 
~ toud Chamber 


alcohol. Place the plastic cover on the food container and rub the cover with cloth to 
give it a static charge. This charge sweeps away stray ions, preventing a thin haze of 
condensation from forming in the chamber. In damp weather, the plastic top must be 
charged about every 15 minutes. 


Shine a strong beam of light through the chamber as shown in the figure. You may be 
able to see some cosmic-ray tracks traversing the chamber. 


£1 
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To show alpha-particle tracks, cut out à small section of a numeral front a radium 
watch dial. (Don't touch radium paint with your hands; use tweezers.) Place it on the 


black copper disk and replace the square plastic cover. You will see alpha tracks issuing 
from the source. 


THE CONDUCTIVITY OF LIQUIDS 


This series of demonstrations, designed to accompany Section 27-11, shows that some 
liquids contain ions and are conductors while others are insulators. 


Most of these demonstrations utilize the apparatus shown in Fig. (a) connected to a 
110-volt A.C. line. To reduce the hazard of electric shock, the carbon rods can be fitted 
into a pair of holes drilled in a block of wood resting across the top of the container. 
The rods will stay in place if tape is wrapped around them close to their tops. If small 
arc-light carbons are used, connections to them can be made with battery clips. The 
carbon electrodes from #6 dry cells are more convenient, since they have screw terminals 
on their tops. However, dry-cell carbons should be thoroughly cleaned before use. 


25 watt 
110 volt lamp 


110 volts A.C. 


carbon rods E 


battery jar or 
large beaker 


Figure (2) 


and clean electrodes must be used for each demonstra- 


Widienn condime EE ia high a concentration of dissolved salts, use distilled 


tion. If your tap water contains too 


TEE it is in operating 
] not light. Show that the circu ; 
c dem Waconia se sed ins driver. (It should be pointed out to the 


. ll wit me t be trusted as 
order by shorting Rd solved salts and therefore canno 
students that sans, water ene cane and stir with a glass rod. The lamp will not 


he 
r.) Add some sugar to t a 
ri AE. eic does not form ions when dissolved in wa D tice sci 
Ted the electrodes rinsed and in pure water, add drops oi € 
W e 


from à pette or piece of lass tubin until the lamp li hts. 
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Table salt added to pure water will show that it also forms ions, making a conducting 
Solution. Acetic acid can be used and will show only slight conductivity, barely lighting 
the bulb because of the small amount of ionization. 


If the carbon electrodes are placed in a saturated solution of copper sulfate and sup- 
plied with low-voltage D.C., copper will deposit on the cathode. Reversing the current will 
remove the copper from one electrode and deposit it on the other. This suggests that 
copper ions are positively charged. 


Some students will probably want to electroplate various objects. Results, in general, 
will be disappointing unless special precautions are taken. Handbooks and other references 


give details on various plating solutions. 


A More Complex Demonstration for Classes That Have Studied Chemistry 


Prepare, before class, solutions of barium hydroxide and sulfuric acid as follows: 
Dissolve 6.4 gm of Ba(OH), - 8H,O in 200 cm? of water to make 0.2N solution. Mix 
5.6 cm? of concentrated sulfuric acid with 1,000 cm? of water to make about 0.2N solution. 


Using the same apparatus as before, half-fill the cell with water and, with 110 volts 
across the apparatus, add 10 cm? of the barium hydroxide solution and stir. The lamp 
will now light. 


Next, add (while stirring) about 10 cm? of the 0.2N sulfuric acid. Barium sulfate will 
precipitate, fewer and fewer ions will remain available for conduction, and eventually the 
lamp will become extinguished. 


If you now add more sulfuric acid, the lamp will light up again; this time you can ex- 
tinguish it by carefully adding barium hydroxide solution. The process can be played back 
and forth as long as your patience, your supply of acid and base, and your time permit. 


Don't attempt to do all the above demonstrations unless you have plenty of time and, 
in any case, don't try to explain all the details of what happens when salts, bases, and 
acids ionize and conduct current. At this stage in the course, the only object of these 
demonstrations is to show that some solutions contain mobile charged particles that make 


them conductors. 


ELECTROSTATIC FIELDS 


jThis demonstration is described briefly in Section 28-3. A 4-15 kilovolt neon sign 
transformer, suitably protected, is the source of the electric fields. The output voltage 
can be varied by means of a Variac autotransformer connected as shown in Fig. (a); for 
‘most patterns an output of 4 kilovolts is quite adequate. 


The 20-megohm, 1-watt resistor in each high-voltage lead is connected directly to the 
high-voltage terminals of the transformer and is wrapped with several layers of vinyl elec- 
trical tape so the transformer terminals cannot be touched. Do not use resistors smaller 
than 1 watt; they may be so short that current will flash over and short-circuit them. 

It may be advisable to enclose the transformer and protective resistors in a box, bringing 
the insulated high-voltage leads out through holes in the box. 


The grass.seeds must be small enough to be easily aligned by the electric field (maxi- 
mum length about $"). A type called "Colonial Bent" works well. 


Pour carbon tetrachloride to a depth of about 5 to 15 mm in a pyrex glass pie plate 
or similar insulating container. Sprinkle about $ of a teaspoon of grass seed over the 
liquid surface (about 1 level teaspoon for each 500 cm? of surface). The seed will gather 


in clumps, but this is normal. 


Since carbon tetrachloride evaporates rapidly and its vapor is toxic, it is necessary to 
cover the carbon tetrachloride with a layer of another liquid. Mineral oil, which is less 
dense than grass seed and carbon tetrachloride, is used for this purpose. Pour mineral 
oil slowly down a stirring rod held in the liquid so the oil flows evenly over the carbon 


b 
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tetrachloride, forming a lay T e W e 8 
er 5 to 15 mm dee Th 
P. e grass seeds ill b pu hed out to 
the edges of the container. Gentle stirring will distribute the seeds evenly over the entire 


Pl 
Mes No) ee in the container so that they extend below the interface of the two 
wooden frio Tent siegt id Eco in the container; can be supported by a 
to the trdialbr ee: ; e held in place by stiff wires which also connect them 


Voriac 20 megohm - I watt 


autotransformer resistor 


HO volts A.C. 


: 20 megohm -!wati 
> resistor 


neon 
transformer 
4—15 kv 
mineral 
oil 
rass seed - carbon — 
g E tetrachloride 


floating at interface 


Figure (a) 


f 


ectrodes or concentric cylindrical electrodes, iéntically 
tly beneath the container and connected to the corre- 
the bottom of the electrodes in the 
t be grounded 


When using two parallel plate el 
shaped pieces Should be placed direc 
sponding voltages. This prevents the fringing field from 
dish from distorting the predicted field pattern. One of the electrodes mus 
(the outer one when concentric cylindrical electrodes are used). 

High temperatures from high-power illumination may cause boiling; it is better to use 
fluorescent lamps for direct observation with a black background and side lighting. The 
patterns can be projected as shadow patterns on the ceiling, but the electrodes may not 
show up clearly, especially if auxiliary electrodes beneath the container are used. 
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A TIME-OF-FLIGHT MEASUREMENT 
LUE SSUREMENT 


Scope sweep is triggered. Shortly after the Sweep has started, the rolling ball closes a 
Second gap which momentarily connects a voltage to the vertical deflection plates of the 
oscilloscope, giving a sudden vertical deflection of the Spot as it sweeps across the scope. 
This marks the instant of passage of the ball across the second gap. The ball closes a 
third gap at a later instant, again deflecting the spot. 


oscilloscope 


external trigger 
terminal 


O 
d 
two meter sticks ii Ohl vertical deflection 
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Figure (a) 


From a knowledge of the distance between the second and third gaps, and the speed of 
the spot, the average speed of the ball can be computed from the distance between the 
vertical deflections or spikes on the screen. 
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The capacitor-resistor combination across the oscilloscope deflection c 

an Beo Spike a steep side on the left and a sloping side on the right, eire Ga 
ed Aon ig. 29-6. When the ball initially closes the gap, the capacitor charges almost 

ü ae y from the battery, and the oscilloscope spot shoots upward very steeply. As the 
Fa dn the gap, the charging voltage to the capacitor ceases, whereupon the capacitor 
sida E m E pe causing the oscilloscope spot to move downward in a 

e to the base li 
MK i E em ine, rather than dropping instantly as it would if there were no 


The time constant for the capacitor-resistor combination is about 20 milliseconds. 
will make the base of the spike appear to be about 1 centimeter long since, after Peas 
time constants, the voltage falls nearly to zero. The spike can be made sharper by re- 
ducing the time constant. Use either a smaller capacitor, a smaller resistor, or both. 
If the spike is made too sharp, the spot will rise and fall so rapidly that it will leave a 
very faint trace which is not visible to the class. 


INDUCED CURRENTS AND VOLTAGES b 


Relative Motion 


Connect the terminals of one of the solenoids used in Experiments IV-9 and IV-10 to 
a micro-ammeter or a sensitive galvanometer. Move a bar magnet in and out of the coil 
and, while holding the magnet stationary, move the coil to show that the presence of an 
induced voltage in the coil depends only on the existence of relative motion between the 
magnetic field and the coil. Several magnets may be tied in a bundle to give a stronger 


field. 


Rate of Change of Flux 

With the coil stationary and the magnet in motion, show that the induced voltage in- 
creases with the rate of change of the magnetic flux in the coil. Use a weaker magnet 
which requires a higher speed of motion to give the same effect, thereby showing it is 
t the speed of the magnet, that is important. Demonstrate 


the rate of change of the flux, no 
the difference in strength of the magnets by the quantity of nails each can lift from a pile. 


Lenz's Law and Conservation of Energy 


From the direction of the induced current as shown by the meter and the direction in 
which the coil is wound, find the direction of the magnetic field produced by induced cur- 


rent. Show that this field reacts with the field of the magnet to give a force on pie magnet 


opposite in direction to the magnet's motion and that therefore the direction of<tne induced 
current is consistent with the conservation of energy. ; 

incing demonstration of the transfer of mechanical energy can be done as 
xd Docs d nd from the spring used in Experiment 


follows: Suspend a strong bar magnet by one e 
1-12 so it Mem oscillate up and down inside the solenoid used in Experiments IV-9 and 
IV-10. Connect the solenoid in series with a knife switch and an ammeter (about 0-3 amp), 


i re. With the switch open, set the magnet to vibrating, noting that it loses 
ide buses rises to very nearly the same height at the end of each Miei ioa 
the magnet still vibrating, close the switch and note that the vibration is quickly mad J 
and the magnet loses mechanical energy, transferring it to the coil circuit ne k appear 
as heat loss due to the flow of current in the wire. A low-resistance ro ies Cac 
wire must be used to get a large enough rate of transfer of energy to make te mping 


of the vibrations apparent. 


Mutual Induction 
the solenoid and connect this wire 
al turns of heavy insulated wire around ; 
: e un: a knife switch and a dry cell and show each of the ee “a a d 
E yr closed, an induced current flows while the magnetic field in the co 
swi , z 
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up (the flux in the coil is increasing); 2. An induced current flows when the switch is " 
opened and the flux is decreasing; 3. There is no induced current while the switch stays : 
closed and the flux produced by the loop of, wire is constant. | 


The general conclusions to be reached from these demonstrations. are that the induced 
voltage in a coil depends on the rate of change of the magnetic flux through the coil and 


that the induced current is in a direction which is consistent with the conservation of 
energy. : 


THE PHOTOELECTRIC EFFECT 


This demonstration shows that ultraviolet light ejects electrons from zinc, whereas A 
visible light does not. An electroscope with a zinc or galvanized-iron top is used to show 
that ultraviolet light from a mercury-vapor sterilizing lamp will eject electrons from zinc. 


- The ultraviolet lamp must be connected in series with a 40-watt, 110-volt incandescent 
bulb to limit the current when operated from 110 volts A.C. The bulb of the ultraviolet 
lamp, made of special glass, transmits the near-ultraviolet emitted by mercury vapor. 

It must be surrounded, except at one end, by an ordinary glass tube or by a thin sheet 
or tube of plastic, to prevent harmful ultraviolet light from reaching the eyes [Fig. (a)]. 
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Figure (a) 
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The zinc plate of the electroscope should be rubbed with steel wool until shiny to remove 
any oxide or other impurities from the surface. 


Charge the electroscope negatively and show that it does not discharge when moved 
close to a 100-watt incandescent light. Now move the electroscope beneath the ultraviolet 
lamp. The negatively charged electroscope will discharge rapidly. If, while it is dis- 
charging, a piece of glass or plastic is held between the ultraviolet light and the electro- 
scope, the discharge will cease because the glass acts as a filter which absorbs the 


ultraviolet light. 


Now repeat the experiment with the electroscope charged positively. No discharge 
takes place when the zinc is illuminated by the incandescent light. When illuminated by 
ultraviolet, the electroscope discharges considerably more slowly than when it was charged 
negatively. 

An entirely different mechanism is responsible for this behavior. When the electro- 
scope is negative, the electrons ejected from the zinc are pushed away. When the electro- 
they are quickly pulled back to the plate and do not contribute 
to the discharge. Since they have only about 1 electron volt of kinetic energy, they cannot 
escape. The slow discharge from a positively charged plate is the result of ionization of 
the air by the ultraviolet light. This ionization is, of course, also present when the elec- 
ly charged, but then its contribution to the total discharge is negligible. 


troscope is negative 
The near-ultraviolet from the sterilizing lamp will not release electrons from copper 


or aluminum. 

A General Electric 0Z4S11 ozone lamp that takes a 40-watt, 110-volt incandescent 
lamp as à current limiter and fits an intermediate screw-type socket can be obtained from . 
home-appliance stores. X is used in electric dryers and washing machines. 


